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ABSTRACT
The sound transmission loss (TL) characteristics of
three layer composite wall constructions are considered.
The constructions considered have symmetric cross-sections
in that the face sheets are identical and the core is
homogeneous. Analytical models that predict TL are developed
for constructions with homogeneous isotropic cores or
homogeneous orthotropic cores.
The effects of symmetric and antisymmetric motions of
the face sheets on the TL are evaluated. Symmetric out of
plane displacements of the face sheets are 180' out of phase.
Symmetric in-plane displacements of the face sheets are
in phase. Antisymmetric displacements have the opposite
phase relationships. For composite constructions with sym-
metric cross-sections, symmetric and antisymmetric motions
are uncoupled.
The TL is reduced by coincidence effects for frequencies
where the in vacuo free wavespeeds of vibration for either
symmetric or antisymmetric motions exceed the speed of sound.
Experimental results for composite panels with isotropic and
orthotropic cores were compared with analytical predictions
with acceptable agreement.
A design process for composite panels with high TL is
developed. TL values, greater than mass law by as much as
10 dB, are predicted when the speed of sound exceeded the
free wavespeeds of the symmetric and antisymmetric modes.
The response of both modes to incident acoustic energy is mass
controlled. A cancellation of symmetric and antisyumetric
motions occurs on the opposite face sheet from which the
acoustic energy is incident and the TL exceeds mass law.
A composite panel was fabricated and provided a verification
of the design process. Greater than mass law TL was obtained.
Thesis Supervisor: Richard H. Lyon
Professor of Mechanical EngineeringTitle:
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CHAPTER 1
INTRODUCTION
The sound insulating characteristics of walls, floors
and ceilings in buildings and of the walls of machinery
enclosures are an important aspect of their design. For
floors or equipment mounting platforms the primary function
is the support of static loads. An important secondary
function would be the blocking or insulation of sound. For
walls, doors and other partitions the blocking of sound
may be the principle concern. For both situations the
intent of the design is to provide the required load-bearing
capability and sound insulating characteristics with a
minimum of weight and cost.
At present, studded wall constructions are available
that may provide a sufficient attenuation of sound across
the wall. These constructions require on-site fabrication
and tend to be costly with an unreliable control over the
work quality. Premade partitions are available that involve
double wall constructions with wood or metal face sheets
separated by an absorption filled air-space. These parti-
tions provide sufficient transmission loss (TL) but must be
manufactured to exact dimensions, as subsequent on-site
cutting is difficult and expensive. A composite or layered
wall construction has advantages over the above constructions
- 19 -
in that it may be premade and cut to size at the construction
site. Such a construction would involve wood, metal or
plastic face sheets and a lightweight core material. The
core may be a cellular honeycomb material or closed or open
cell foam materials. Two layered wall designs for high TL
exist already; they are the Shear Wall and the Coincidence
Wall. These will be described later on.
1.1 Background
A summary of work done in understanding the transmission
of sound through single layer walls is found in Beranek [1].
Mass law or limp wall effects at low frequencies and coinci-
dence effects at higher frequencies are described for walls
of infinite extent. The internal damping in the wall plays
a significant role in determining the transmission loss (TL)
characteristics of the wall in and above the coincidence
region.
Coincidence refers to the condition where the free wave-
speed of vibration in a panel of infinite extent equals the
trace wavespeed of an incident acoustic wave. It is a
"resonance" condition characterized by nearly perfect trans-
mission of an incident acoustic wave through the panel.
Structural damping in the panel determines the extent to
which the transmission is imperfect.
Watters and Kurtze [2] studied the transmission loss
characteristics of three-layer walls in which shear
- 20 -
deformation in the middle layer or core acted to reduce the
free wavespeed of vibration in the walls. The wall is
designed so that the coincidence region is shifted to high-
er frequencies where the reduction in transmission loss
associated with coincidence effects is of less concern. The
transmission loss in the principle speech bands is governed
by limp wall or mass law behavior. In these studies the
core is considered to be rigid in the direction perpendicu-
lar to the plane of composite; the normal displacements of
the top and bottom face sheets are identical. This mode
of vibration is referred to as the antisymmetric mode in
this thesis. The wall is referred to as the Shear Wall.
Warnaka and Holmer [3,4] developed a three-layer wall design
with shear deformation in the core, where coincidence first
occurs below the frequency region of interest. In the
region above where coincidence first occurs TL values
greater than mass law TL are achievable when the wall is
heavily damped. The acoustic behavior of the wall is
coincidence controlled and the wall is referred to as the
Coincidence Wall. Sheaar deformation of the core was
accounted for by Holmer in the use of an equivalent bending
stiffness that incorporated the shear stiffness of the core.
The equivalent stiffness was seen to depend on the wave-
length of the flexural deformation in the wall. At long
wavelengths the equivalent bending stiffness is principally
- 21 -
determined by the stiffness of the face sheets separated by
a core of constant thickness. The neutral plane for bending
deformations lies in the mid-plane of the core for the
symmetric wall constructions considered. At intermediate
wavelengths, the shear stiffness of the core material
determines the equivalent bending stiffness of the composite
three layer wall. At short wavelengths, the equivalent
stiffness is again determined by bending deformation in the
face sheets and the equivalent stiffness is the sum of the
bending stiffnesses of the face sheets alone. The neutral
planes for bending occur at the mid-planes of the face sheets.
The technique used by Holmer to determine the equivalent
bending stiffness of the layered wall was first developed
by Ross, Ungar, and Kerwin [5].
Manning [6] studied the optimizing processes for the
Coincidence Wall using the tools described by the above
authors. Expressions for the loss factor for the composite
wall in terms of the loss factors of the individual layers
were given. Principles involved in optimizing the trans-
mission loss were discussed for multilayered walls with
3, 4, and 5 layers.
Ford, Lord, and Walker; Smolenaki and Krokosky; and
Dym and Lang [7.8,9] have studied the effects of the
compliance of the core in the thickness direction of the
wall. An additional mode of vibration, the symmetric mode,
- 22 -
exista for which the normal displacementa of the face sheets
are 180 out of phase. The symmetric mode offers another
way for coincidence effects to reduce the transmission loss
of a three layer wall. Ford, Lord, and Walker; and Smolenski
and Krokosky computed phase speeds for free travelling waves
associated with this additional symmetric mode of vibration.
Dym and Lang evaluated the transmission loss for three layer
walls including the effects of both the symmetric and anti-
symmetric modes of vibration.
1.2 Brief Outline of the Thesis
Chapter 2 describes an analytical model for a three
layer wall construction made from isotropic face sheets
and a homogeneous isotropic core. Motions in the core are
described by the superposition of motions resulting from
dilatational and equivoluminal (distortional) plane travel-
ling waves. Motions in the face sheets are characterized
by bending and extensional displacements. Expressions for
the TL for a composite panel of infinite extent are obtained
in terms of mechanical impedances of the composite for the
symmetric and antisymmetric modes of vibration.
Chapter 3 describes an analytical model for a three
layer wall with an orthotropic core and isotropic face
sheets. The model extends the work of previous researchers
[7,8,9] to apply for wall constructions with orthotropic
- 23 -
cores. As. in Chapter 2 the TL is evaluated in terms of the
mechanical impedances.
Chapter 5 presents experimental results for comparison
with the predictions of Chapters 2 and 3.
Chapter 6 describes a new design process for three
layer wall constructions with high TL that is bas.' on
insights developed from the models of Chapters 2 and 3.
Predicted values for TL may, for particular frequencies,
significantly exceed mass law TL. A panel was fabricated
and tested, the results from which are presented in Chapter
6. Static load-bearing capabilities for a panel of finite
area are evaluated.
- 24 -
CHAPTER 2
COMPOSITE PANEL WITH A HOMOGENEOUS ISOTROPIC CORE
2.1 Introduction
Previous researchers [7,8,9], in analytically
evaluating transmission loss (TL) for a composite panel,
assumed that deformations in the core of the composite were
linearly dependent on the coordinate perpendicular to the
face sheets. This assumption excludes the presence of and
the possible effects on the TL of wave bearing motions in
the core in the direction perpendicular to face sheets.
The assumption is appropriate when the wavelength of wave
bearing motions in the core is large compared with the
thickness of the core. Wave bearing motions in the two
in-plane directions are included. The analytical procedures
followed in this chapter are completely general in allowing
for wave-bearing motions in the core that are both dila-
tional (irrotational) and equivoluminal (distortional) in
nature. The analysis is restricted to apply for core
materials that are homogeneous and isotropic. The face
sheets are modelled as homogeneous, isotropic thin plates
for bending displacements normal to the face sheets and
for extensional displacements in the plane of the face
sheets.
- 25 -
2.2 Formulation for the TL Qf a Composite Panel of
Infinite Extent
2.2.1 Acoustic pressure disturbances and the transmission
coefficient
The geometry denicting the problem of determining TL
for a ccmpdsite panel of infinite extent is shown in
Figure 2.1. The excitation is a downward travelling
acoustic plaue wave incident on the panel from an angle
6 with respect to the normal to the plane of the panel
(the x3 axis), and the azimuthal angle 4. is defined as
the angle that a vertical plane containing the x3 axis
makes with respect to the vertical plane defined by the
x and x3 axes. The incident acoustic plane wave is of
radian frequency W, and wavenumbers k1 , k2 , k3 in the x ,
x2 ' X 3 directions, respectively. k1 , k2 , k3 and w are
related to the acoustic wavespeed c0, as follows:
k2 + k2 + k2 = ! and k = k sin~cos4S2 3 C 1 0
k2 = k sinOsin
k3= k cosO
k0 = /c0 (2.1)
Under steady state conditions the response to the
inc.ident plane wave is formulated in terms of a reflected
plane wave from the top face sheet, and radiated plane
waves from the top and bottom face sheets that result from
the normal displacements of the face sheets. The
- 26 -
formulation is separated into two parts. In the first
the face sheets are restricted from moving and the incident
plane wave is reflected from a rigid boundary such that:
i(kx1 +k2 x 2 +k 3 (x3 -t )-Wt)
~reflected po 22
an acoustic plane wave travelling upward in the +x3 direc-
tion. The thickness of a face sheet is t ; both face sheets
are taken to be of the same thickness. As the reflection
is from a rigid boundary the amplitude is unchanged. The
sum of the incident plus reflected plane waves, evaluated
at the surface of the top face sheet (x = t ) equals3 p
i(k1 x1 +k 2 x2 -ot)
2p e
In the second part of the formulation the face sheets
are assumed to move with prescribed normal displacements,
i(k x +k x -wt)
V = d e i11 2x2 for the top face sheet and
i(k x +k x -cot)
a = de i 1I 2 2 for the bottom face sheet. As a
result of these motions acoustic plane waves are radiated
from the top and bottom face sheets of the following forms:
i(k x +k x +k (x -t )-Wt)
Pradiated,top rte 11 22-3(3p
i(k x +k x -k (x +L+t )-wt)
p11 2 2 3 3 p
~radiated,bottom = pr,be
(2.3)
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where L is the thickness of the core. The amplitudes pr,t
and prrb are complex constants determined from the acoustic
boundary condition applied to the motions of the top and
bottom face sheets:
a2n
a) = -p 0
0 
=t
3 p
and
3P- - 1(2.4)
3 at2
x3 =-(L+t )
Substitution of the expressions for pO,n1 and pradiatedtop'
p .radiated bottominto Eq. (2.4) yields
op od 0ip c cod
ip0 c 0od o 1 (2.5)
1 r,tcos0 ' ,r,bCos a cos
The quantity p0 c0 is the specific acoustic impedance of air
where p0 is the density of air. The incident plus re-
flected plane waves, superimposed on the radiated plane
waves and evaluated at the corresponding surfaces of the
composite panel, describe the pressure disturbances acting
on the composite panel under steady state conditions.
The transmission coefficient, T, is defined as the
ratio of the transmitted acoustic intensity, Itrans' to
the incident acoustic intensity, Iinc. For plane waves
this means that:
- 28 -
K~b' 2I =
trans 2p 0 c0
2P c
and
Transmitted Intensi
Incident Intensit
2P
ty rb 2
y 0 12
Under general circumstances the transmission coefficient
will depend on the angle 6 as well as the azimuthal angle,
The average transmitted acoustic intensity is computed
as
<I >trans 04
I {f (0,)cossinded)
cos~sin~d~d
where from Eq. (2.6)
(2. 7)Itrans (e ,) = T(0,4) Iinc (e,9
)
.)
For purposes of comparisons with TL results experimentally
obtained from reverberation room measurements, I (inc0,)
is taken to be independent of 0 and 4. Because of the in-
plane isotropy of the face sheets and the isotropy of the
core of the composite panels considered in this chapter,
T(0,4) is independent of the angle #. The in-plane axes,
xi, x2 , may therefore be reoriented to set 4=O. This means,
from Eq. (2.1), that k =0. Also, the pressures at the face
2
i(k x1 -wt)
(2.6)
sheets and displacements exhibit an e dependence.
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The average transmission coefficient T becomes:
0lim
- T(0)cos~sinOdO <It >trans0(28
0lim InJ alimcos~sinOdO tinc(
0
A model of the incident acoustic intensity in a reverberant
room has been assumed for which the incident acoustic in-
tensity equals a constant value, Iinc' for incident angles,
0, from zero to 0 lim and equals zero for 0 lim < 0 < <r/2.
Slim is typically assumed to be 78*.
The transmission loss, TL, is defined with respect to
the average transmission coefficient as follows:
TL = 10 log1 0 (1/T) dB. (2.9)
2.2.2 Adaptation of impedance expressions for a composite
panel to the determination of TL
The previous section describes the procedure for
determining the TL in terms of the amplitudes of the in-
cident and transmitted acoustic plane waves. The amplitude
of the transmitted plane wave is determined by the ampli-
tude of the normal displacement of the bottom face sheet
(at x3=-L). The amplitudes of normal displacements of both
the top and bottom face sheets are determined from a sol-
ution to the elastic deformation problem of the composite
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panel where the pressure excitations on the face sheet
surfaces are described in Section 2.2.1. For the purposes
of this section the solution will be expressed in terms
of symmetric and antisymmetric mode impedances for the
composite panel.
The normal displacements of the face sheets are
separated into symmetric and antisymmetric components as
follows:
asymmetric =1(no 1 )/2
and
iantisymmetric =(o 1)/2 (2.10)
In a similar manner we may define symmetric and anti-
symmetric forces per unit area acting on the top and bottom
face sheets (see Figure 2.2). The symmetric and anti-
symmetric normal displacements and forces per unit area
are in phase on the top face sheet and 180* out of phase
on the bottom face sheet. The symmetric and antisymmetric
impedances are defined in terms of the corresponding
amplitudes of the normal displacements and the forces per
unit area as follows:
-=o 
sym
sym v
sym
for the symmetric mode and
foasym
asym vasym
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for the antisymmetric mode; where:
V - iwd , V =- iwd
sym sym asym asym
(2.11)
V and V are the amplitudes of normal velocities at
sym asym
the face sheets for the symmetric and antisymmetric modes.
Since the composite panel is symmetric in the x
direction with respect to the mid-plane, the above separa-
tion into symmetric and antisymmetric components occurs
naturally, as will be seen in a subsequent section. Were
the core inhomogeneous or the face sheets of different
materials or thicknesses the separation would not be possi-
ble. By referring to symmetric and antisymmetric motions
as being separable it is meant that the motions are un-
coupled and the solutions to the symmetric problem and the
antisymmetric problem may be obtained independently and
linearly superimposed to obtain the complete solution.
The solution for the impedances depends on the material
properties of the face sheets and the core as well as the
frequency w and wavenumber k
The symmetric and antisymmetric force per unit area
amplitudes may be determined from the acoustic pressure
disturbances described in Section 2.2.1. The total pres-
sure disturbance acting on the top face sheet is
- 32 -
i(k lxi -wt) i(k x -.wt)
PTe = rIt(2p0+P )d ei (2.12)
and for the bottom face sheet:
i(k1 x 1 -ot) i(k 1 x I- Wt)
PBe - pr,be
Symmetric and antisymmetric pressure disturbance amplitudes
become:
T B 0 Pr,t+Pr,b
sym 2 + 2
_asym T B + r,t2rb (2.13)
asm 2 0 2
In terms of the symmetric and antisymmetric normal veloci-
ties of the face sheets:
poc0
p = p + Vsym O cosO sym
(2.14)
p = p+__V
asym 0 cosOVasymCosa
Inserting the expressions for p sym and p asym into Eq. (2.11)
and noting that at the top face sheet a positive pressure
is a negative force per unit area (f osym or f),asym)the
following results occur:
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Z sym + V::: y =-P
z sym +cose) V sym 
_P ,
(Zasm+ V =y -=
and T(O) os 1  P0c(Zsym-z aysymK(O r bco e ,c
p( Z a y Z+ -- 0 z0+
0 asym Icos sym c os a
(2.15)
The expression for T(O) involves the impedance ex-
pression for the composite panel including radiation load-
ing and the impedance of the acoustic half space defined by
x3 < - (L+t ). The in vacuo symmetric and antisymmetric
mode impedances Z sym' Z asym' occur in series with the radia-
tion loading impedance p0c0/cosO. The impedance for the
composite panel is determined by the in-parallel addition of
the symmetric and antisymmetric mode impedances including
radiation loading. The impedance of the composite is
defined with respect to the motion of the bottom face
sheet and incident pressure disturbance as:
(Z sy + Goco ) Z )+____asymcosO sym cosO 
_ P
comp Z 
- z ) 
-iwd
asym sym1
(2.16)
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The minus sign in the denominator results from the sym-
metric and antisymmetric motions at the bottom fact sheet
being out of phase.
The expression reveals several interesting aspects of
the acoustic behavior of a composite panel of infinite
extent. If for a particular combination of panel proper-
ties, frequency W, and incidence angle 0, (note: k =
W/c sinO), Z = Z then T(O) = 0. No sound is
a sym asym
transmitted. This occurs because the symmetric and anti-
symmetric modes respond to the incident acoustic plane
wave with equal amplitude and phase of the normal displace-
ments of the top face sheet. The impedances Zsyn and Zasym
are complex quantities. The normal displacements of the
symmetric and antisymmetric modes at the bottom face sheet
exactly cancel and the absence of motion means that no
acoustic plane wave is radiated from the bottom face sheet.
Also, if either Z or Z = 0, T(0) assumes the
sym asym
following form:
z a
T(6) = sym when Z = 0 (2.17)
+poc0  asym
sym cosa
If in addition jz I > p c /cos0 then T() =1, a condi-
sym 00o
tion of high transmission of the incident acoustic plane
wave through the composite. The condition
IZsymI > P0 c0 /cosa describes the case of light fluid
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loading of the symmetric mode by the presence of the
acoustic medium (namely, air). The condition Zasym = 0
means, in the absence of internal damping in the composite
and for in vacuo motion of the composite, that a resonance
condition exists for which normal displacements, of
frequency w and wavenumber k1, propagate in the composite
unattenuated and with phase velocity, cp = W /k1.
2.3 Solution for the Symmetric and Antisymmetric Im-
pedances of a Composite Panel
2.3.1 Differential equations of motion for the face sheets
As stated in the introduction to this chapter the
face sheets deform in bending, producing normal displace-
ments and in extension, producing in-plane extensional
displacements. The equations of motion for the face
sheets are:
D + p = E Normal stresses acting on
P' x4  p t2  the face sheet
1
(2.18)
fs 3 232
- E t + p = E Shear stresses acting
11 pax 2  P at 2  on the face sheet
I
where pP is the surface mass density of one of the face
sheets (mass per unit area), D is the bending rigidity of
the face sheet, D = E t3/12(1-v2 ). Efs equals A +2p
p fs p p 11 fs fs
where Afs and11fs are the Lam6 constants. E is the
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Young's modulus and V is Poisson's ratio for the face
sheets. n is the normal displacement and C the in-plane
extensional displacement of the face sheet. The normal
stresses acting on the face sheet result from the various
acoustic plane wave0 and from the deformations in the core,
which in turn are the result of the normal and extensional
motions of the face sheets. Shear stresses acting on the
face sheets result only from the deformation of the core.
The acoustic plane waves produce no shear stresses.
Solutions to Eq. (2.18) applied to both face sheets
are assumed to be of the following form:
= {d{ 0 i(k x -wt)
T1 d 1 e
(2.19)
0 L 0 i(k Ix 1-WO)
= e
I LI
where do, d1 , Lo, Li are complex constants describing the
normal and extensional motions of the top (subscript o)
and bottom (subscript 1) face sheets. The above displace-
ments will be used as boundary conditions in solving for
deformations in the core. From the core deformation, the
stresses produced at the core-face sheet interfaces will be
evaluated in terms of the face sheet displacements. In-
stead of applying the pressure disturbances that result
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from the various acoustic plane waves, a normal force per
ik 1x1 -wt)
unit area, 2f e , will be applitd only co the top
face sheet. This loading has equal symmetric and anti-
i(k x -Lot)
symmetric components, f0e . The solution for n10
and n1 will be presented in terms of the symmetric and
antisymmetric displacements from which the symmetric and
antisymmetric impedances will be evaluated. These im-
pedances will be used in Eqs. (2.15), (2.8) and finally,
in Eq. (2.9) to determine TL.
2.3.2 Modelling of the isotropic core to include wave
bearing motions
The solution for the normal and shear stresses pro-
duced by normal and extensional displacements of the two
surfaces of an elastic isotropic layer of infinite extent
will be expressed in a general form involving equivoluminal
(distortional) and dilatational (irrotational) wave motions
in the layer. Dilatational motions in a homogeneous iso-
tropic elastic medium are governed by the following equa-
tion:
(Ac + 2p )V 2A = p (2.20)
where X is a vector displacement field, Ac and pc are the
Lamd constants.
V E
= cc and p =G
c ( )(l+ 2v)c c
c c
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where EC is the Young's Modulus,G C the shear modulus and
VC Poisson's ratio for the isotropic core material. Pcis
the density of the core material (mass per unit volume),
and V a=+ Jax ax . A may be written in terms
ax ax 2 3X3
of a potential function (D as A = V4.
Equivoluminal motions are described by the governing
equation:
S 2B = p c(2.21)
C C @t2
where B is the vector displacement field for equivoluminal
displacements. B may also be written in terms of a
potential function for plane waves in two dimensions:
B = VxJ (xl ,x 3 t). j is a unit vector in the x2 direc-
tion. Both equations describe non-dispersive media where
A +2p
the wavespeeds are cp2 for dilatational waves and
D p c
2 _ C
CS =PCfor equivoluminal or shear waves.
In terms of the potential functions, the particle
displacements and the normal and shear stresses in the
core are: for dilatational waves:
u=2 ----2
axG 62 ax 2
c 3
v= 0 - = -2
G 62 ax 2
C 1
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W= ax
3
c
S /
where 6 = =D \
C =123
G1 3x8
i1c
A +2pC C
For equivoluminal waves:
a -'
ax
3
v = 0
w =
1
c 
-2 aaxT
G ax ax
c 1 3
-U a=2 v T
G c x x
T 1 2T
G C 3x2  ax 2
1 3
and a , a are normal stresses in the xi, x3 directions and
T is a shear stress.13
A general solution for the core displacements, where
those displacements match the displacements of the face
sheets, Eq. (2.19) at the core-face sheet interfaces, is
obtained by assuming that the potential functions (D and T
have the following forms:
', di(k x k3x 3 -WOt)
+= a e
and
i(k x ksx -wt)
+ =b e 11 3 3 (2.24)
(2.22)
(2.23)
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d s
a and b are four complex constants. k and k are
+ + 3 3
determined from:
kd)+ = W)2 , (ks 2 k2 W)2 (2.25)
3 1 cD 3 1 cs
The x1 dependence is the same as that of the various
acoustic plane waves and the normal and extensional dis-
placements of the face sheets. The four potentials )+, D,
T+' P each represent plane travelling waves in the core,
the particle displacements for which are given by Eq. (2.22).
Two, 4+ and T+, represent upward travelling waves, in the
+x3 direction, and the other two, 4) and T_, represent
downward travelling waves, in the -x direction.
3
The core displacements u, w are determined from the
superposition of the displacements from the four travel-
ing waves. The displacements u and w, evaluated at the
core-face sheet interfaces, are sot equal to the normal
and extensional displacements of the face sheets,
Eq. (2.19). Four equations result, which are solved
to yield the amplitudes a+, a , b , b_ in terms of the
amplitudes of the face sheet. displacements do, d ,pL , Lw.
The normal and shear stresses that act on the face sheets
as a result of deformations in the core are then determined
from Eq. (2.22),also in terms of d0, d1 p, L , L1 .
The expressions relating the normal and shear stresses
to the normal and extensional displacements of the face
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sheets involve 6 independent complex coefficients
forms:
Normal Stress at interface
Normal Stress at interface
Normal Stress at interface
Normal Stress at interface
l0
i:
= ALO X
= ALl X
=-ASO x
= AS1 X
of the
d
d
d
-d
L
L
L
L
Shear stress at interface
Shear stress at interface It I
Shear stress at interface
Shear stress at interface
d
=-ASO X10
d
= AS1 X
L
= STO x
-L
= STi X I
1
(2.26)
i(k x1-wt)
The normal and shear stresses assume an e
dependerce. The coefficients relating normal stresses to
extensional displacements are the same as those relating
shear stresses to normal displacements (ASO, AS1). The
- 42 -
third character in the name of the coefficient (0 or 1)
refers to stresses produced at the same interface at which
the displacement is applied - ending 0, or to stresses
produced at the other interface from which the displace-
ment is applied - ending 1. The coefficients describe
stresses produced as a result of only the related displace-
ment, all other displacements being set equal to zero.
The coefficients take the following forms:
(kd)2 = W2/(c2(inc)) - k2
o 2(k) W2/ (c 2 (1-in)) -k2
3 \S 1
where qc is the loss factor for the core material and is
assumed to be the same for shear or dilatational deforma-
tion.
A = 8k2kdks (1-cos(kd L)cos kSLVI
1 3 3\ 3 / 3 /
+ 4sin(kdL) sin (kL) (k4+ (kfl - (ks)2)
ALO = 4pcw (ksk2cos ksL) sin kdL)
A 3 1 ( 3 ( 3
+(ks) k sin (ksL)cos(kdL))
3 3 3 3
4p W2 2
ALI = c (k;) kd sin(k L) + k2kssin(kdL
A3 3 3 1 3 3
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4ik k skd
ASO = 13 3 4Gc (li)k2-pw2\ (1-cos (kdL\
A \c cl1c /3
ik sin (kdL)sin(ksL)
x cos kkL) + 4 A4
x 2G (1-lin)((kd)2 -(ks( + k )- k2PW2)
c C 3 3 1 1c
4ik p w2kdks
AS1 = A (cos(kdL) - cos (k L
STO = 4pkW 2 ((kd) 2 kscos(kLsin(kdL)
+ k2kd sin ksL)cos kdL))
1 3 3 / 3 ))
4p w2 2
STi = (kdk2SinkL)+ (kd) 2 ksin(kdL))
(2.27)
The effects of internal damping in the core have been
included in the formulation by allowing the stiffness
moduli, Gc and Ec to become complex. For reasons of
simplification the loss factor for the core material for
shear deformations was assumed to be equal to the loss
factor for dilatational deformations. Thus, Gc and Ec
were replaced by G (l-inc) and Ec(1-i c) in deriving the
above expressions. This also means that c2 and c2 are
s 0
replaced by c2 (1-in ) and c2 (1-in ). The expressions
S c D c
could have been determined where the loss factors in shear
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and dilatation differed but owing to a lack of data dealing
with such differences the above assumption was made.
The displacements at the core-face sheet interfaces
i(k x -tot)
1 1
have an e dependence. These displacements are
travelling waves moving in the +x direction with phase
velocity cT - L/k . Remembering that k1 =(w/cd sinG, cT
becomes c /sinO. The expressions for (kd)2 and (k s)2,in0 3 3
the absence of internal damping become:
(kd)2 = (1 -sin 2 O , (kS)
2 
= 2( 1 sin 2
3 C2 2 c 3c2 C 2
D 0 s 0
(2.28)
If cs > c and/or c D > c0 then there will be an in-
cidence angle for which (kS) 2 and/or (kd)2 is negative.
3 3
This corresponds to the situation where c > cT and/or
s d
cD > c In this circumstance, kS and/or kd is purely
imaginary. Referring to the expressions for the potential
functions this means that the shear and/or dilatational
waves are travelling waves in the x1 direction, but decay
exponentially in the x direction. For incidence angles
3
5 d
such that k3 and/or k3 are real, the shear and/or dilata-3 a
tional waves are travelling waves in the x direction and
also in the x direction. These results occur independent
3
of frequency, depending only on the values of c, cD'c and
the angle of incidence.
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To gain an understanding of what these coefficients
mean consider the case where ki = 0. This describes the
case of normal incidence (0=0), for which the displacements
in the core depend only on x . The expressions for the
coefficients become:
Pcc wcos (- L
ALO =
sin-S L
CD
ALl = c D
sin(- L
AScD
ASO = 0
AS1 = 0
PCc s Cs(c WL
STO P=s
sin(- L
C
p cC)
STl= c s (2.29)
sin(--L
For small values of(w/cD)L and(w/c )L these expressions
become
ALO= c c _ pcP w2L
L 3 c
ALl = +211C + P 2L
L6 C
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G
STO C=C 1 P W2L
L 3 c
G pwoL
ST = -{ + c (2.30)
L 6
These are the expressions that would result for
elastic springs, of thickness L, in dilatation (ALO, ALl)
and shear (STO, STl) where first order effects of the mass
of the elastic material are included. The displacements
are linearly distributed in the x3 direction.
The complete expressions for k = 0 as given in
Eqs. 2.29 include wave bearing effects which may be seen
if - L = nit, n = 1,2--- or -- L = (2m-1) -, m = 1,2---.
C D C D2
The case where n or m = 0 is considered in the low
frequency case described by Eq. (2.30). For --- L = niT,
nADD
L equals 2 where XD is the wavelength of dilatational
2TFCD
motion at frequency W and equals . The normal stresses
produced by a finite normal displacement of the face sheets
become infinite, in the absence of internal damping. This
condition describes a standing wave resonance situation in
the core where the boundary conditions for dilatational
motion are for zero motion at the face sheets.
The condition -- L = (2m-l) - corresponds to the situa-
C D 2
CDD
tion where L equals (2m-l) -- This also describes a
4
standing wave resonance condition where the core thickness,
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L, is an odd integral number of quarter wavelengths for
dilatational motion at frequency o. One face sheet is a
node point and the other an antinode; which explains why
no stress is produced at the antinode (ALO = 0) yet stress
is produced at the node (ALl # 0).
Similar statements may be made concerning STO and STl
for k = 0 for standing wave resonances of shear motions
in a layer of thickness L. The results fork1 #0 show a
similar behavior though more complicated in nature. Fur
k1 # 0 the resonances involve a combination of dilatational
and shear motions.
Figures 2.3 a-f show the 6 coefficients as functions
of frequency and incidence angle, which with frequency
determines k1 . The results are for a closed cell styro-
foam material. For this material the dilatational wave-
speed cD equals 884 m/sec and the shear wavespeed, c
equals 440 m/sec. In the absence of internal damping in
the core ALO, ALl, STO, STl are real quantities while ASO,
AS1 are purely imaginary. At low frequency the coefficients
ALO, ALl, STO, STl assume values defined by Eq. (2.30)
independent of the incidence angle. When 0 = 0 and the
frequency is increased, the values change, initially
according to Eqs. (2.30); ALO decreases, ALl increases,
STO decreases and STl increases.
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At sufficiently high frequency the variations of these
four coefficients with incidence angle become pronounced
as the effects of standing wave resonances in the core
become extant. These resonances occur at lower frequencies
in the coefficients that describe shear stresses (STO, STl)
than in the coefficients describing normal stresses (ALO,
ALl). This occurs because cs < cD, and the frequency for
which the shear wavelength is of the order of one-fourth
the core thickness, is lower than for the dilatational
wavelength.
The resonances occur for incidence angles where the
coefficients are zero or infinity. The incidence angles
where the coefficients are infinite correspond to zeros
of the quantity A as defined in Eq. (2.27). This quantity
is found in the expressions for all six coefficients, and
therefore, all exhibit an infinite value for values of
frequency and incidence angle where A = 0. This condition
describes standing wave resonant motions in the core where
the displacements at the core-face sheet interfaces are
zero. From the figures this is seen to occur at a
frequency of 4 0 0 0Hz and incidence angle of approximately
16.5 degrees.
The coefficients ASO, AS1 are purely imaginary and
from Eq. (2.27), it is seen that they depend on ik times
a real quantity, in the absence of internal damping. As
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i(k x -cwt)
displacements and stresses have an e 1 1 dependence,
multipiying by ik1 is equivalent to taking the spatial
derivative . The stresses that ASO and AS1 describe
ax
therefore depend on the spatial derivative of the face
sheet displacements. The manner by which normal displace-
ments produce shear stresses is related to the dependence
on the spatial derivative. Figure 2.4 depicts the situa-
tion.
The material underneath the trough of the normal
displacement of face sheet 0 is compressed. The core
material underneath the crest is placed in a state of
tension. Were the core material gaseous it would move
laterally from underneath the trough to underneath the
crest. As it is not gaseous, and is constrained from
slipping with respect to the face sheet, it resists the
tendency to move laterally. It does so by the develop-
ment of shear stresses. For k = 0 the compression of the
core is uniform in x and there is no tendency for lateral
moti3n and hence, no shear stresses are developed (ASO =
AS1 = 0).
To relate the production or normal stress by extension-
al motions of the face sheet, again refer to Figure 2.4.
At points 1, 2, 3 the face sheet extensional displace-
ments are zero; in between the extensional displacements
are in the directions indicated by the arrows. At point 1,
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the core material beneath is compressed in the x1 direction;
at point 2, the core material beneath is pulled apart and
a state of tension exists in the x direction. The states
of normal strain in the x direction imply, for an isotro-
pic material with non-zero X and therefore, non-zero
Poisson's ratio, v, that normal stresses will exist in
the x direction.
3
2.3.3 Determination of symmetric and antisymmetric
impedance expressions
With the behavior of the core to various displacements
at the core-face sheet interfaces described, a solution to
the equations of motion for the face sheets may proceed.
The equation describing normal displacements of the top
face sheet becomes, with the use of Eqs. (2.18) and (2.26):
ik t
D k4 - p.o 2 + ALO - 1 p ASO d
p 1 p 2 0
ik t
- ALl + -P AS1 d - ASO L + ASl L = 2f2 l 101
(2.31)
The equation for extensional displacements of the top face
sheet is:
{Efs t k' _ p 2 + STO L - STl
11 p I p 0 -I
ik t ik t
+ P STO + ASOj d .+.L STl + AS d = 0
2232
(2.32)
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For the bottom face sheet the equation for normal
displacements becomes:
ik t
- ALl + P AS1 d  + D k4 -p W22 0 p I p
ik t
+ ALO - ' P ASO0d - ASi L + ASO L
2 o 
=0 (2.33)
and the equation for extensional displacements is:
- STl L + E fs t k -- pW 2 + STO L
p i p
ik t ik t
- STl + AS1 d1 - STO
+ ASO d = 0 (2.34)
ik t d
In these equations there are the terms STO 02d1
ik 1t PSI d0 ik1 t PA1d0 d ik 't PAO d 0
STl d' , ASl d and P ASOd2 1 d,$2 1ldf2 d'
These result from the fact that during bending of the face
sheets a lateral displacement at the core-face sheet inter-
face occurs due to the finite thickness of the face sheet.
The neutral axis for bending of a face sheet lies in the
mid-plane of the face sheet.
Owing to the symmetry of the composite, the solutions
to Eqs. (2.31) - (2.34) may be formulated in terms of
symmetric and antisymmetric displacements:
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L +L
L = 1
sym 2
and
d -d
d =01
sym 2
for symmetric displacements, and
(2.35)
L -L
L =0 1
asym 2
and
d +d
0 1
asym 2
for antisymmetric displacements.
The equations in symmetric form are obtained by sub-
tracting Eq. (2.33) from Eq. (2.31) and dividing by 2; and
adding Eq. (2.32) to Eq. (2.34) and also dividing by 2.
ik t
D kI- p W 2 + ALO + ALI + -2 (ASd-ASO) dfp i p 2 (AlAO~ sym
+ ASl-ASO} Lsym = f (2.36)
Ef t k2 _ pW2 + STO - STl L
11 p 1 p sym
ik t
+ ASO-AS1 + P (STO-STl) d = 0 (2.37)
1 2 sym
Symmetric normal displacements at the top face sheet
are 180* out of phase with the normal displacements at the
bottom face sheet. Symmetric extensional displacements are
in phase for the top and bottom face sheets. Antisymmetric
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displacements have opposite phase relationships between
top and bottom face sheets as compared to symmetric
displacements .
The equations in antisymmetric form are obtained by
adding Eq. (2.33) to Eq. (2.31), then dividing by 2; and
subtracting Eq. (2.34) from Eq. (2.32) and again dividing
by 2.
- ASO + AS L + }DLk4s-+p2 - + ASO - ALl
asym P i p
ik t
- 11P (ASO+AS1) d = f (2.38)
2 asym o
{Efs t k2 _ p W2 + STO + STl L
11 p i pasym{ik t
+ (STO+STI) + ASO + AS1 d = 0
2 asym
(2.39)
The two sets of Eqs. (2.36), (2.37) and (2.38), (2.39)
are the uncoupled equations for symmetric and antisymmetric
motions of the composite, respectively. The equations are
solved to give the symmetric and antisymmetric mode im-
pedances:
f
sym -iwd
sym
and (2.40)
f
z = 0
asym 
-iOd
asym
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Figures 2.5 a,b show the symmetric and antisymmetric
impedances where the composite is made of 1/4" thick ply-
wood face sheets and the 3" thick closed cell styrofoam
core described in Section 2.3.2. In the absence of in-
ternal damping the impedances are purely imaginary, involv-
ing stiffness reactance or mass reactance expressions. For
a stiffness controlled impedance the result is a positive
imaginary number, and for a mass controlled impedance the
result is a negative imaginary number.
For k = 0, normal incidence, the normal displace-
ments become uncoupled from extensional displacements for
both the symmetric and antisymmetric modes. The equations
for normal displacements are:
for the symmetrit mode:
{p W2 + ALO + ALl dsym = f
(2.41)
for the antisymmetric mode:
Pp W2 + ALO - ALldasym = f
At low frequency and for k = 0, using the low
frequency expressions for ALO and ALl from Eq. (2.30),
Eq. (2.41) becomes
2(X+2p) )1 L
L - ( p + - pc L dsy =foL .(PP 6 c sym 0
21 (2.42)
- W2  + - pcL) d = f
P 2 c asym 0
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The impedance expressions become
2(X +2p )
Z =W c c - i (P+4nPL)
L \P p 6 c
(2.43)
Z = -iw p + P L)
asym (p 2PC
For the symmetric mode impedance the stiffness re-
actance dominates while for the antisymmetric mode im-
pedance the mass reactance dominates. The symmetric force
per unit area loading of the composite panel compresses
the face sheets against the core. The antisymmetric force
per unit area loading of the composite acts to accelerate
the mass of the composite.
From Figdres 2.5 a,3 at low frequency the behavior
described by Eq. (2.43) occurs approximately independent
of incidence angle. As the frequency is increased and
for k = 0, the impedances change according to Eq. (2.43);
Z symdecreases and Zasym becomes a larger negative number.
At higher frequency the effects of coupling between
normal displacements and extensional displacments become
apparent. These are present in the symmetric mode im-
pedance at 1500 Hz and for an incidence angle of ~6*. The
symmetric mode impedance assumes a zero value and an
effectively infinite value in the region near 6*. The
situation is very similar to that described in Figure 2.6
cancellation x Uf te exci LII tuttert e , y
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for a two degree of freedom lumped mass-spring resonance
K +K 1/2
system. If mass 1 is driven at the frequency W = {K2 +KC
it will not move because the motion of mass two results in
spring forces through the coupling stiffness kc' acting
on mass 1 which cancel the applied force. The driving
point impedance at this frequency is infinite. The system
as a whole is characterized by two resonances, one associ-
ated principally with the motion of mass one, the other
with mass two. If mass 1 is driven at the resonance
frequency associated with the motion of mass two the
driving point impedance will be zero. The driving point
impedance assumes a zero value and an infinite value at
two different frequencies both associated principally with
motions of mass two.
For the distributed composite panel involving a
resonance of normal displacements and a resonance of ex-
tensional displacements, variations in the excitation near
resonance may be produced by varying k or W. The behavior
of the symmetric mode impedance at 1500 Hz near 8 = 60 is
explained by analogy with the lumped spring-mass system.
The zero of the impedance corresponds to a resonance of
the coupled system in which the motion is principally ex-
tensional. The infinite value of impedance relates to the
i(k x 1-wt)
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coupling forces generated by extensional motions. The
phase of the excitation forces with respect to the coupling
forces is important, the two forces being out of phase
when the impedance in infinite and in phase for the zero
of impedance. The two cffects occur close together in that
both are principally characterized by extensional displace-
ments. The resonance characterized by normal displacements
occurs for significantly different excitation conditions,
k and w.
At 4000 Hz, and for an incidence angle near 16*, the
symmetric mode impedance exhibits this same behavior. The
behavior of the core in this region was seen to be deter-
mined by standing wave resonance effects involving both
shear and dilatational motions. Slightly above resonance,
the effect of the standing wave resonance in the core is
to add mass to the uncoupled extensional displacements
of the face sheets, STO-STI is a large negative number.
Extensional displacements in the face sheets are signifi-
cantly stiffness controlled in this region and the addition
of mass from the core causes the uncoupled extensional
displacements of the composite to become resonant. Reson-
ance of the uncoupled extensional displacements in the
composite panel means, from analogy with the lumped mass-
spring system, that the impedance for normal displacements
becomes infinite. The applied force per unit area is
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cancelled by normal stresses generated by resonant ex-
tensional displacements of the composite. The extensional
displacements are resonant as a result of the effect of
the added mass of the core on the stiffness controlled
displacements of the face sheets.
The effects just described occur for the symmetric
mode impedance. These effects are not seen in the anti-
symmetric mode impedances for the values of o and k
plotted. The core behaves significantly differently for
symmetric and antisymmetric displacements. Effects similar
to those that occurred for the symmetric mode impedance do
occur for the antisymmetric mode but for different values
of w and k
2.3.4 Phase speeds for resonant motions in a composite
panel
The most important behavior of the impedances relates
to the zeroes of impedance that occur for both the sym-
metric and antisymmetric impedances near an incidence
angle of 60* and for a frequency of 4000 Hz. These zeroes
correspond to resonances of the composite panel that are
principally characterized by normal displacements of the
face sheets. They are important in determining the TL
behavior of the composite panel. Their location in W and
k determines the phase speed cph = w/kl, for which resonant
motion in the composite may exist without excitation, in
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the absence of internal damping. The resonant motion has
i(k1 x1 -wt)
an e dependence. Figure 2.7 shows the locus of
such phase speeds vs frequency for the symmetric and anti-
symmetric resonant motions.
Resonant motions for the symmetric mode do not exist
for frequencies less than a certain value. From Section
2.3.3, it was seen that for low frequency the symmetric
mode impedance was dominated by the stiffness reactance of
the core. The frequency must increase until stiffness and
mass reactance terms cancel and the impedance equals zero.
At -1450 Hz, the symmetric mode phase speed becomes in-
finite. An infinite value of phase speed corresponds to
normal incidence k = 0, where the mottons in the composite
are uniform in x1 . The frequency for which this occurs is
determined from the following equation:
-p w2 + ALO + ALl = 0 (2.44)
where ALO and ALl are given by Eqs. (2.29). For the case
where the face sheet mass per unit area is significant in
comparison with the mass per unit area of the core, wave
bearing effects in the core may be neglected and the low
frequency expressions for ALO, ALl as given in Eqs. (2.30)
may be used in Eq. (2.44) to yield:
=(2(X+2yp) +IPL))1/2 (2.45):
L / (p 6 c
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This is the expression for the resonance frequency of a
mass-massy spring oscillator assuming a linear distribution
of the displacements in the massy spring.
It is also noticed that for this frequency and
frequerzies just less than this frequency, the phase
speed of the symmetric mode is double valued. This means
that for a given frequncy. there are two wave numbers k
for which the impedance is zero.
At higher frequency, the phase speed of the symmetric
mode approaches a limiting form determined by bending
motion of the face sheets:
=( D 1/4
ph=)p
p
where (2.46)
E t3
D = sp
P' 12(1-v2 )
p
The phase speed of the antisymmetric mode at high
frequency approaches the same limiting form. The potential
energy is dominated by the potential energy of bending in
the face sheets.
At lower frequency, the antisyminetric mode phase speed
varies less with frequency. In this region, the storage
of potential energy is principally in shear deformation
in the core. Shear waves in a medium, in this case a
composite panel, are non-dis1 ersive and this explains the
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near constancy of the phase speed with frequency.
At low frequency, the antisymmetric mode phase speed
again assumes a dispersive form associated with bending
motions. In this situation, the neutral axis for bending
lies in the mid-plane of the composite. The expression
for the phase speed becomes:
D' 1/4
p
where (.47)
Eft (L+t )2
4(l-v 2 )
p
The storage of potential energy in bending in the core is
neglected in this expression since Young's modulus for the
core is typically significantly less than the Young's
modulus for the face sheets.
2.4 Transmission Coefficients Determined From the
Impedance Expressions
The combination of W and k that result from an
acoustic plane wave incidence are limited to values for
which o/k1 = cT > c0. If at a particular frequency the
phase speed for the symmetric and/or antisymmetric modes,
cph' is greater than the acoustic wave speed c , then an
incidence angle exists for which cT(=c0/sine) equals cph.
A coincidence condition exists in that the pressure distur-
bances on the face sheets resulting from the acoustic plane
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waves resonantly excite symmetric and/or antisymmetric
motions. In the absence of internal damping in the compos-
ite panel the particular mode, for which c ph = cT, of the
composite panel appears acoustically transparent to the
incident wave. The transmission through the composite is
not perfect depending on the impedance of the other mode
according to Eqs. (2.15) and (2.17).
For the composite panel made with a styrofoam core
and plywood face sheets, the transmission coefficient
obtained from Eq. (2.15) is shown in Figures 2.8 a,b. The
transmission coefficient is shown for the case of zero
internal damping. At low frequency, the expressions for
the impedances given by Eqs. (2.43), when substituted into
Eq. (2.15) yield:
T(O) = 1(2.48)
1 + p 2 c
1P]c0c
In deriving this result, it was assumed that the frequency
was sufficiently small so that Z c>> sPC This ex-
sym cose
pression is the limp wall mass law transmission coefficient
[1].
The coupling effects, seen in the result for the sym-
metric mode impedance at 1500 Hz and 60 incidence angle,
are also evident in the transmission coefficient. The zero
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of impedance corresponds to the peak in the transmission
coefficient. The symmetric and antisymmetric mode im-
pedances have equal values for a particular incidence
angle near 6*. According to Eq. (2.15), when the im-
pedances are of equal amplitude and phase, the transmission
coefficient is zero. For incidence angles greater than 6*
the impedances are of the same sign and the dip in the
transmission coefficient is the result of the cancellation
of symmetric and antisymmetric displacements at the bottom
face sheet. The rise in the transmission coefficient for
larger incidence angles is the result of the increasing
value of p0c0/cosO in the numerator of Eq. (2.15).
p0 c/cosO is the impedance expression for the acoustic
half space x 3< - (L+t ). It also describes the radiation
3 p
loading for both symmetric and antisymmetric motions of
the composite. The increase in transmission coefficient is
the result of a matching of the impedance of the acoustic
half space with the impedance of the composite, including
radiation loading effects. The impedance of the composite
in this region is controlled by the in vacuo impedances
of the composite. As 6 further increases an impedance
mismatch develops as the radiation loading terms dominate
in the expression for the impedance of the composite and
the transmission coefficient decreases. The denominator
of Eq. (2.15) is increasing faster than the numerator.
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At high frequencies the distinguishing features are
determined by the locations of the zeroes of the impedances.
These determine the locations of coincidence peaks in the
transmission coefficient. At 4000 Hz the transmission
coefficient peaks correspond to the zeroes of the symmetric
and antisymmetric mode impedances near 600 and to the zero
in the symmetric mode impedance near 16*. As frequency is
changed the location of the transmission coefficient peaks
shift in incidence angle according to:
c
0
sine = cp where cph varies with frequensy according to
cph p
Figure 2.7. This applies for the transmission coefficient
peaks corresponding to zeroes of the impedances associated
with normal displacement resonances of the composite. The
behavior of the peaks at 4000 Hz and 16* incidence angle
and 1500 Hz and 60 with frequency is defined differently,
not according to Figure 2.7.
The results, shown in Figure 2.8 b for frequencies in
the region near 1300 Hz where the symmetric mode phase
speed is greater than c0 display an interesting behavior.
As frequency is increased to a value where the symmetric
mode is resonant, the transmission coefficient increases
in value at the incidence angle defined by:
c
sinG = ch . ph is the symmetric mode phase speed at
which the symmetric mode first becomes resonant (providing
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this phase speed is greater than c0). This is the case for
the phase speed results of Figure 2.7 where c' is approxi-
ph
mately 437 m/sec, corresponding to an incidence angle of
~52*.
For frequencies greater than the frequency for which
the symmetric mode is first resonant, the symmetric mode
phase speed is multi-valued. To the extent that both
phase speeds are greater than c two transmission coef-
ficient peaks will exist. The greater of the two phase
speeds will shift to smaller incidence angles approaching
normal incidence as the phase speed becomes infinite. For
frequencies greater than the frequency for which this phase
speed becomes infinite, the transmission coefficient peak
disappears. The transmission coefficient peak associated
with the smaller phase speed shifts to higher incidence
angles as the phase speed decreases. If the phase speed
decreases to where it is less than c the transmission
0
coefficient peak shifts to an incidence angle of 900 and
disappears until the phase speed again equals c0 .
The effect of including internal damping on the motions
of the core and face sheets is to reduce the transmission
coefficient peaks. The mode impedances do not become zero
at resonance as a result of damping. The effect of damp-
ing may be seen from Eq. (2.15) by describing Zasym and
Z symin terms of real parts (R m, Rasym), where the real
parts are associated with damping, and imaginary parts
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(Xsyms X ). For resonance conditions for the symmetric
mode where the imaginary part of Zsym Xsym is zero the
expression for T(O) becomes:
POc0  RZ2
T(O) cos 6 Rsym asym (2.49)
R +P0c0 Z +P0C0
sym Cos ) (asym Cosa)
pec0
If IZ >>0 and z J >> R the following
asym cosO asym sym
simplified expression results:
T(6) = R1 (2.50)R 2
1 + sym
9001
cos6
The effect of internal damping is insignificant except for
the above conditions of resonant motion in either the sym-
metric or antisymmetric modes.
For the transmission coefficient peak at 4000 Hz and
16.5* incidence angle, which results from standing wave
resonant motions in the core, the inclusion of internal
damping in the core significantly reduces the transmission
coefficient. The transmission coefficient peaks associated
with resonant motions of the composite, at a frequency of
4000 Hz near 60* and 1500 Hz near 6*, are reduced by in-
ternal damping, but to a lesser extent.
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2.5 TL Values Determined from Transmission Coefficient
A computer program was written to aid in evaluating
the integral for T described by Eq. (2.8). The TL was
evaluated according to Eq. (2.9). The resulting values
for TL for the styrofoam core-plywood face sheet composite,
as a function of frequency, are shown in Figure 2.9. At
low frequency the transmission coefficient approaches the
limp wall mass law form given by Eq. (2.48). The TL at
low frequency accordingly approaches field incidence mass
law transmission loss [1]. From Eq. (2.48) for values of
p , C,5w and 6 where T()<< 1, T(O) increases by a factor
of 4 for a factor of 2 increase in either (p + p L) orp 27 Pc'
frequency o for fixed incidence angle. The TL increases by
6 dB for a factor of 2 increase in either total mass per
unit area of the composite, 2(p + -1P L) or frequevcy o.
p 2 c
As frequency is increased the transmission peak associ-
ated with resonant excitation of the symmetric mode limits
the increase in TL. A coincidence dip in the TL occurs
where the phase speed for the symmetric mode is greater
than c , that is, where the symmetric mode is coincidently
excited. The extent to which the TL is reduced in this
coincidence region depends on the internal damping.
For frequencies where the symmetric mode phase speed
dips below c0, according to Figure 2.7, there are no trans-
mission coefficient peaks and the TL achieves large values.
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The values for TL are seen to exceed levels predicted by
the field incidence mass law TL. This is due to the can-
cellation of symmetric and antisymmetric mode normal
displacements on the bottom face sheet. In this frequency
c
region the excitation, as defined by c 0 > CT sinG ph
sym
c ph ' is such that the reactive components of the im-
pedances will cancel in Eq. (2.15). The real components of
impedances, associated with damping, will have the same
sign for both modes and will also cancel in the expression
for T(G), Eq. (2.15).
As frequency is increased to where the phase speeds
for both modes increase and become greater than c , trans-
mission coefficient peaks again appear in T(6). These
again reduce the resulting value of TL. In that the phase
speeds for both modes at these higher frequencies are
determined principally by bending motions in the face
sheets, the coincidence effect is referred to as the face
sheet coincidence effect. Further increase in frequency
results in an increase in TL for the composite panel that
is very similar to the result that occurs for a single
layer panel above coincidence [1]. The TL in this region
is strongly dependent upon internal damping in that the
transmission coefficient peak is controlled by damping.
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The effects of internal damping on TL are principally
restricted to the coincidence regions where transmission
coefficient peaks occur. The effect, on TL of standing
wave resonant motions in the core and of extensional
resonances in the face sheets are largely nonexistent.
This is the result of the inclusion of internal damping
and the fact that these phenomena produce very narrow
transmission coefficient peaks and thus do not significant-
ly contribute to the integral of Eq. (2.8).
2.6 Summary of Results
An analytical model of a composite panel of infinite
extent with an isotropic core has been developed. The face
sheets are considered to be deforming in bending and in
extension. Impedance expressions for symmetric and anti-
symmetric motions in the composite were derived and phase
speeds for symmetric and antisymmetric resonant motions,
determined from the zeroes of the impedances, where obtained.
The solution to the acoustic transmission problem was
formul.ted in terms of the impedance expressions, and the
effects of various resonant motions in the composite on
the transmission of sound were qualitatively and quantita-
tively described. Coincidence dips in the TL were shown
to exist in frequency regions where the phase speeds of
the symmetric and antisymmetric modes were such that (if
cph > c ) these modes would be resonantly excited by an
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incident acoustic plane wave. At low frequency the TL
approached the usual limp wall mass law TL expression.
It was seen that TL values greater than mass law were
achievable where cancellations of symmetric and antisym-
metric mode displacements on the bottom face sheet
occurred.
As an additional note, the analysis presented in
this chapter may be extended to apply to composite panels
with additional layers in the core. The ability to do so
depends only on the assumption that the additional layers
are homogeneous isotropic elastic materials.
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CHAPTER 3
COMPOSITE PANEL WITH A HOMOGENEOUS ORTHOTROPIC CORE
3.1 Introduction
In Chapter 2 an analysis was developed that described
t'.e acoustic behavior of a composite panel with a homoge-
neous isotropic core. In practice the kinds of materials
used as cores in composite panels are not restricted to
being isotropic. An example of a nonisotropic core material
would be a cellular honeycomb material. In this chapter an
analytical model is developed that predicts the acoustic
behavior of a composite panel with a homogeneous orthotropic
core. An orthotropic material is elastically symmetric with
respect to three mutually perpendicular axes. A restriction
on the development is that one of the principle axes of the
orthotropic core correspond to the axis perpendicular to
the plane of the composite.
The procedure followed in determining TL matches
closely the procedures established by previous researchers.
The analytical form for the particle displacements assumed
for the core and face sheets are identical to those of
other researchers, [7,8,9] and are linearly dependent on
x3, the coordinate perpendicular to the plane of the
composite. A general formulation for wave bearing motions
in a layer of orthotropic material, similar to the
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formulation of Chapter 2 for an isotropic material, was
not known by the author. Particle displacements in the
core, for the approach of Chapter 2, involve sin, cos,
sinh and cosh terms that describe the dependence on the
coordinate x3 . These expressions, for low frequencies
where the wavelength of both dilatational and shear waves
is large compared to the thickness of the core, approach
the linear distributions assumed in this chapter. The
dependencies on the in-plane coordinates, xI, x2 , are
equivalent for the approaches of Chapter 2 and this
chapter.
The work of the previous researchers will be extended
to apply to orthotropic cores. For a composite panel with
an orthotropic core the response to an incident acoustic
plane wave will depend on the azithumal angle 4, as well
as the angle 0. The expressions for the symmetric and
antisymmetric mode impedances and the transmission coef-
ficient will include the dependence on 4 and the trans-
mission loss will be evaluated to include the integration
in c as described by Eq. (2.7).
3.2 The Elastic Stress-Strain Equations for a Homogeneous
Orthotropic Material
The matrix of elastic stiffnesses that relates normal
and shear strains to normal and shear stresses contains
21 independent stiffnesses for a general linear anisotropic
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material. The additional symmetry of an orthotropic
material reduces the number of independent stiffnesses to
nine. Elastic symmetry with respect to three mutually
perpendicular axes means that the elastic stiffnesses are
invariant under the following transformation of axes:
1 = -x , x2 = ~x2 x 3 = ~x3 (3.1)
where x1 , x2 , X 3 are the transformed axes. The x1 , x2, X9
axes are the principle axes for the orthotropic material.
The procedure for obtaining the transformed elastic stiff-
nesses is desdribed by Stavsky and Hoff [10]. The stiff-
nesses that relate shear strain to normal stress or normal
strain to shear stress are zero for an orthotropic material.
The off diagonal stiffnesses relating shear strain to the
shear stress in the two planes orthogonal to the plane of
the shear strain are also zero. The fact that a stiffness
is zero means that the strain produces a zero related
stress.
The matrix of elastic stiffnesses for an orthotropic
material has the following form [10]:
E E 12 E13 0 0 0
E 12 E2 2  E2 3  0 0 0
E = E 13 E2 3  E 0 0 0 (3.2)
0 0 0 E 0 0
0 0 0 0 E 0
0 0 0 0 0 E 66
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The stress-strain relations are written as follows:
T
2 2
T E63 (3.3)
T4 C4
T 5  5
66 6
T13 T2, and T3 are the normal stresses in the x , x2, and
x3 directions, respectively. The shear stresses T 4, T, T6
are defined as follows: T is the shear stress in the
4
x2 x{ direction on the face perpendicular to directionI ;
x, x2
T5 is the shear stress in the 14direction on the face
f 3
x3
perpendicular to direction , and T6, the shear stress
in 4;(direction on the face perpendicular to direction
Ix2
I 4. The strains are defined with respect to the
11
particle displacements u, v, w in the x 1 , x 2 , x3 directions,
respectively, as follows:
x1 2 3x2 E:3 9x3
av + aw Du 9w , (34)
4 a 3 a x 2 , 5 3 3 1
Du + 3V
6 Xm av2 1
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The meaning of the elastic stiffness may be explained
by referring to the matrix lEt for an isotropic material.
For that case
E = E = E = X+ 2p
11 22 33
E = E = E =\A , (3.5)12 13 23
E = E = E =p3,
44 55 66
where X, p are the Lame constants for the isotropic
material. For an isotropic elastic material there are
two independent stiffnesses X, p, whereas for an ortho-
tropic material there are nine independent stiffnesses.
The stored elastic potential energy density, W, for
a given strain field is:
2W = E c2 + 2E e e + 2E esc + E 62
11 1 12 1 2 13 1 3 22 2
+ 2E e + E + EE 2 + E 52
2 3 2 3 3 3 3 44 4 5 5 5
+ E F2 (3.6)
66 6
The total elastic potential energy stored in a body of
finite volume is computed as the integral of the potential
energy density over the volume of the body.
P.E. =f W d Vol (3.7)
Vol
- 76 -
3.3 The Assumed Displacement Field and the Stored
Potential Energy Density
Consistent with the assumptions of previous research-
ers, the displacements are written in symmetric and anti-
symmetric forms. For the symmetric composite panels
considered in this chapter symmetric and antisymmetric
motions are uncoupled. The orientation of the composite
with respect to the x1 , x2, X 3 axes is described by
Figure 2.1. The principle axes of the orthotropic core
material are alligned such that x1 , x2 lie in the plane of
the composite and x3 is perpendicular to the plane of the
composite.
The displacements in two dimensions assume the follow-
ing form for symmetric motions:
for the top face sheet (subscript "0")
u= sy coskx1 - L) :0 sym 1 3 2 ax,
vo = 0 (3.8)
w0= a sink x .S sym 1 1
For the core (subscript 2):
u = sym + i cos L cosk xi
V2 = 0 (3.9)
2a
w = m x sink x2 L 3 1 1
For the bottom face sheet (subscript 1)
L awUi = S cosk1xI - x+ i)
v 
=0
w = -a
I sym
(3.10)
sink x
i1
The displacements in two dimensions for antisymmetric
motions assume the following form:
For the top face sheet
(L DwU =cosk x1  x0 asym 1 1 3 2 3x
V0 = 0
w0 asym
(3.11)
sink x
11i
For the core
20
u = asym x cosk x
L 1
v =0
2
w = a sink1x .
2 asym 1 1
(3.12)
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For the bottom face sheet
u= 
-asymcosk x - + -34 ax
v =0 (3.13)
w =c a sink1x .
S asym 1 1
The assumed displacements allow for normal and extensional
motions of the face sheets and the core. The displace-
ments in the core are linearly dependent or. x except for
3
symmetric displacements relating to 1. These describe, in
a limited way, wave-bearing motions in the plane of the
core. The displacements of the core and face sheets are
equal at the core-face sheet interfaces, x =3 2
The strains corresponding to these displacements are
computed according to Eq. (3.4). Consider symmetric motions:
for the top face sheet
Du L
1  x - -k s - x - 4 kia sink x1 1a / 1sym13 2) 1sym ) i
(3.14)
2 3 4 5 6
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For the core
Tr x
s =-k g s + cog L L3 sink x
1 1 ~sym /
2 4 6
2cz (3.15)
e =sym sink x
3 L 11(2a mx 3k I7T 7Tx3
E= (2sy L 1  - sin L cosk x
for the bottom face sheet
1 = 1-k(y + x+ i-) kisink x
1 sym +(3 2 1 sym
(3.16)
2 3 4 5 0.
For antisymmetric motions the strains become:
for the top face sheet
= -k1 L - - ) k a sink x
1 asym 3 2 1 asy
E =S =S:=S 0. (3.17)
2 3 4 5 6
for the core
-20 aMx 3k1
= asym sinkx
1 L
E =E =E =E =0 (3.18)
2 3 4 6
E: = (2asym + k as cosk x .
5 \L 1 asym .) 1 1
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For the bottom face sheet
S =k + L+) k a M sink x
S  I (asym + (X3  2) iasym si 1
6 =s =s =s =s = 0 .(3.19)
2 3 4 5 6
The stored elastic potential energies for the core and
face sheets for symmetric and antisymmetric displacements
are evaluated from Eqs. (3.6) and (3.7). The potential
energies for the face sheets are computed where the
elastic stiffness matrix JEt , is written for an isotropic
elastic material. The integral in Eq. (3.7) is over a
volume defined, for the core, by a unit depth in the x2
direction, the core thickness L in the x direction and an3
integral number of wavelengths, A1 , in the x direction.
1 is defined by X 2-r For the face sheets the
1 ~ikI'
integral is over the face sheet thickness, tp, in the x3
direction, the other limits being the same as for the core.
For the symmetric motions the stored potential
energies become:
for the top face sheet:
PE = Ef k2 2t - kS a t2
o 2 011 \SY P I sym sym p
k 3 /r2 t(.
+4 -1- syM p(3.20)
3 2
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For the core:
E k2 L 40 2 X
PE = 12 + - sym +
2 sym T 2 2
-2E a k + 2
13 sym 1 (sYm ir,2
2E a2  X E a 2  k2 L
33 s ym 1 s s sym i
L 2 2 3
8 a Gk 12 Tr28 symlki + ( i
r 2L 2
The expression for the bottom face sheet is identical to
fs
the expression obtained for the top face sheet. E refers
11
to the elastic stiffness for the face sheet which equals
X fs +2ps for the isotropic face sheet material. The presence
of X , means that the integration in x is over one wave-
length.
For antisymmetric motio-s the expressions for the
stored potential energies are:
for the top face sheet:
Efsk2E fSkg
PE = '11 1 2  t - Scz k t2
o 2 asym p asym asym 1 p
f2 t 3
+ k 2  asymp .(3.21)
1 3 2
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For the core:
E k2 32  L X E 4S 2
PE = 11 1 asym 2 + L asy 2 6 2 2 L
+ 4 ( k + k 2ca2  L
asym asym 1 I asym 2
The expression for the bottom face sheet is identical to
that obtained for the top face sheet.
The expression for the potential energy of a face
sheet for symmetric motions is of the same form as the
expression for antisymmetric motions and involves, princi-
pally, potential energy in bending and extension. The
expressions for the core differ substantially. The core
deformations for symmetric motions principally involve a
compression of the core in the x direction, hence the
3
presence of the term proportional to E3 3 in the potential
energy. The core deformations for antisymmetric motions
do not involve compressing the core. Deformations for
the antisymmetric displacements involve shearing displace-
ments leading to the presence of terms proportional to E 5 5
The potential energy in shear due to the antisymmetric
normal displacement, a asym' is three times larger than the
similar term for symmetric normal displacements, as m'
In addition, the potential energy in shear for antisymmetric
displacements contains a term dependant upon extensional
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displacement of the face sheets, S . This term is
significant in that antisymmetric extensional displace-
ments are of opposite sign at the top and bottom face
sheets leading directly to a shearing of the core.
3.4 Displacements as Functions of Time, Kinetic Energies,
and Lagrange's Equation
The amplitudes of the assumed displacements as,
sym and ( ,asym asym are assumed to be functions of
time. Kinetic energy expressions for the face sheets
and the core, for symmetric and antisymmetric motions
are obtained from time derivatives of the above amplitudes:
Kinetic Energy = j P(u 2
Vol
where u, v, w are time derivatives of
ments u, v, w.
For the symmetric displacements:
for the top face sheet:
p-t 2
KE =+ &2
o 2 sym+ syml
+ v2 + w2) dVol (3.22)
the particle displace-
+ 1 ]23
sym sym ip (3.23)
For the core:
p L (
KE c 2
2 2 1sym
sym2 2
+ -- $+ - + sym _
Tr sym 2 32
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The expression for the kinetic energy of the bottom face
sheet is identical to the expression for the top face
sheet.
For the antisymmetric displacements:
for the top face sheet:
P t k 2 t2
KE -= -P- 2 + + 1 -+
K 2 asym asym( 3
- 5 a k t > .
asym asym i p 2
For the core: (3.24)
P L $
KE c asym + 2
2 2 3 asym 2
The Lagrange equation is:
aKETO ) KE aPE
dTOT TOT + TOT
-- r )- -3qr + 3= Qr
r = 1,2... (3.25)
where KEBTOTPETOT are the total kinetic and potential
energies for the composite including both face sheets and
the core. The q r are the generalized displacements and
correspond to aym Ssm, 1 and a .S . ir are the
time derivatives of the generalized displacements. Qr
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describes the generalized forces per unit area acting on
the system. If a normal force per unit area, f0sink x ,
is applied to the top face sheet, the virtual work is
given as:
f sink x 6a sink x dArea
1 i syr 1 1
Area
where 6a sink x is the virtual displacement associated
sym 1 1
with the generalized displacement a . The area over
which the integration is performed is defined by a unit
distance in the x direction and an integral number of
a
wavelengths X in the x direction. The integral is
evaluated to give f - . A symmetric loading re-0 2 sym
quires that a force per unit area of the same amplitude
be applied to the bottom face sheet and the total virtual
work for the symmetric displacements becomes f A 6s .o 1 sym
According to Lagrange's equation the generalized forces
per unit area for symmetric and antisymmetric normal
displacements, asym, a asym' are both f A .
Applying Lagrange's equation to the expressions for
the kinetic and potential energies for symmetric motions,
and letting the displacements have an e -i ttime dependence,
results in the following equations:
2E E k 2 L Efsklt 333 55 1 1 1 p
L6 3
p w 2L
- 6 ~ 1p
Efsk3t32
-E k13 1 2
k2t2
+3 p
pwm2 k t
+2
2E k 2E k
1l3 1 5 5 1
7TV 7T
Efsk3ta
-E k - 11 1 3
13 1 2
p w 2k t
+ -- 2
kfs +E k2 L
Eskt + 11111 p 2
- cw2 L2
2 p
E k2 L p W 2L11 1C
7iT7T
4mm
(3.27)
I'
2E k1 2E k
7T Tr sym f
E k 1 L p Lw 2
- C S = 0
7 T T sym
E k2 L E T pLW2
S+ 4 4 04 4L4
For antisymmetric motions:
fs k4t3  E2kk  t pE 55kIL
3 2
p Lw 2  I k2t2
-
2 ~ pw 2  + Ip
Efsk 3 t2
_ 11 21- 
--2 + E 5k 12 ss 1
p w 2 t k
+ 2
E k3 2
+ E 5k
5 5 1
pL2Ot k
+ 2
E k 2L 2E
Efsk2t + 1 1 + 55
11 1 p 6 L
p Lw 2
p 6
f
0
0
asym
asym
(3.28)
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3.5 Dependence on the Angle eP
The above results were derived for the case where the
principle axes of the orthotropic core corresponded to the
coordinate system axes x1 , x2 ' , x. The dependence of the
assumed displacements on functions only of x1 and x3 implied
that the case being considered was for an incident acoustic
plane wave in the x1 , x3 plane (4 = 0). For other values of
0 the incidence is in a vertical plane rotated about x by
an angle 0. The previously assumed displacements are now
assumed to apply to particle displacements in the rotated
plane. In the rotated plane, the elastic stiffnesses of
the orthotropic core are different and the potential
energies will also differ. The potential energy expres-
sions for the isotropic face sheets are invariant to such
a rotation of axes. The kinetic energy expressions for
both the core and face sheets will remain the same.
The transformed elastic stiffnesses for an orthotropic
material for a rotation about one of the principle axes may
be expressed in terms of the stiffnesses for the principle
axes and the direction cosines associated with the
rotation [10].
r = kE + 2Z2 m2 E + M42
11 11 12
-1 = 3 YE + m2E
13 23(3.29)
% E
33 33
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E = m 2 E +Z)E2
55 44 5 5
where Z = cost, m = sinc and the notation E. refers to
the elastic stiffnesses in the rotated coordinate system.
The potential energies for the core and the resulting
equations have the same form in the rotated system where
the values for the elastic stiffnesses for the core are
replaced by the transformed expressions, Eqs. (3.29). In
this way the dependence on 4 is determined. It should
be noted that the transformation need only be defined in
the region 0 _< c < Tr/2. In the other quadrants the trans-
formation is symmetric with respect to the transformation
in the first quadrant. This occurs because of the symmetry
an orthotropic material displays with respect to the three
principle axes.
3.6 Symmetric and Antisymmetric Mode Impedances, Phase
Speeds; the Transmission Coefficient and the
Transmission Loss
Equations (3.27) and (3.28) may be solved to yield:
f
Z - 0
sym
sym
(3.30)
f
z 0
asym 
_9
asym
The impedances will depend on k (and therefore, 0), and $.
From the zeroes of the impedances the phase speeds as
functions of frequency are determined. The transmission
coefficient is evaluated from the impedances according to
Eq. (2.15). The transmission loss is evaluated from
Eqs. (2.7), (2.8) and (2.9). These equations involve an
average over the angle c since the transmission coefficient
depends on c. The average need only be evaluated for values
of 4 from 0 to r/2 because of the symmetry of the ortho-
tropic core. The x - x plane corresponds to 4 = 0 and
1 3
the x2 - x 3 plane corresponds to 4 = fr/2.
The above procedure for computing TL may be applied
to a composite panel with an isotropic core if the appro-
priate elastic stiffnesses are set equal to each other:
E = E = E = x + 2p -11 22 33 c
E44 = E55 = E66 = Gc
(3.31)
E1 2 = E 2 3 = E 1 3 =C
G =
X and p are the Lame constants for the isotropic core
c c
material. Figure 3.1 shows the symmetric and antisymmetric
mode phase speeds for the styrofoam core - plywood face
sheet composite panel. Values for the transmission loss
are shown in Figure 3.2. These results closely agree
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with the results of Chapter 2, Figure 2.9, for the styro-
foam core - plywood face sheet composite panel. The dif-
ferences between the model for the composite panel which
allows for wave-bearing motions in the core and the model
which assumes a linear dependence of displacements on the
coordinate in the thickness direction of the core, are
relatively insignificant with respect to the transmission
loss of a styrofoam core - plywood face sheet composite
panel.
3.6.1 The cellular honeycomb core - plywood face sheet
composite panel
The expressions derived in this chapter are evaluated
to predict the acoustic behavior of a composite panel with
a cellular honeycomb core and plywood face sheets. The
honeycomb material is fabricated from resin-impregnated
and cured paper board (see Figure 3.3). The honeycomb
material is assumed to be orthotropic; stiff in compression
in one principle axis direction (x 3) and significantly
softer in the other two principle axes directions (x and
x 2). The honeycomb material is soft in shear in the x
x2 plane and stiff in shear in the x, - x, and x - X3
planes.
Phase speeds for the symmetric and antisymmetric modes
depend on the angle $ and are shown in Figure 3.4. The
antisymmetric mode phase speed approaches the same low-
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frequency and high-frequency bending phase speed limits as
for the styrogoam core - plywood face sheet composite. The
limits apply independent of the angle 4. The limits are
determined by the properties of the face sheets and the
thickness of the core, which are the same for the two
composite panels. The mid-frequency phase speed depends
on 4 in that the shear stiffness in the x2 - x 3 plane
(4 = f/2) differs from the shear stiffness in the x1 - x3
plane ($ = 0). The phase speeds for the antisymmetric mode
become greater than c0 at relatively low frequency (-200 Hz)
and exceed c0 over the frequency range of interest.
The TL is limited as a result of coincidence effects
for the antisymmetric mode. Figure 3.5 shows the predicted
TL versus frequency. Values in the frequency region from
300 to 8000 Hz are less than field incidence mass law by
~14 dB as a result of the coincidence of the antisymmetriu
mode. The TL increases with frequency in this region
at a rate of 6-7 dB per doubling of frequency.
For a single layer panel above coincidence, it may
be shown that the TL increases at a rate of -9 dB per
doubling of frequency for a panel with a constant internal
damping loss factor, n [6, 11]. The transmission loss
assumes the form:
TL = TL + 10 log1 0  r (h)I -lj + 3 dB (3.32)f i 1 0 -2[ 0c
where TL . is the field incidence mass law TL which in-
creases at a rate of 6 dB per doubling of frequency. Cph
is the phase speed of a single layer panel in bending:
c = T- . For c2 /c2 >> the argument of the logph p ph o 10
in Eq. (3.32) is proportional to the frequency W, which
with the 6 dB increase per doubling of frequency associated
with TLfi means that the TL increases at a rate of 9 dB
per doubling of frequency. The phase speed for the anti-
symmetric model of the honeycomb core composite panel in
the frequency region above coincidence is dominated by
shear deformation in the core and increases at a rate less
than proportional to frequency. The TL would not, there-
fore, be expected to increase at 9 dB per doubling of
frequency, but at a lesser rate.
The symmetric mode becomes resonant at high frequency
(-7750 Hz) since the principle axis of honeycomb that is
stiff in compression is oriented perpendicular to the
plane of the composite. The effect of the symmetric mode
coincidence effects is small as is seen from Figure 3.5.
The coincidence peak in the transmission coefficient for
the symmetric mode occurs for small angles 0, as c /c < 1.
o ph
The transmission coefficient peak is narrow and strongly
affected by the inclusion of internal damping and there-
fore is not a dominant contribution to the integral for
T.
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3.7 Summary of Results
An analytical model predicting TL for orthotropic core
composite panels has been developed. The properties of
the composite and therefore its acoustic behavior depend on
the azithumal angle P. The model computes stored potential
and kinetic energies for an assumed displacement field that
is linearly dependent on the coordinate perpendicular to
the plane of the composite. Wave-bearing effects in the
core in this coordinate direction are excluded. The model
was used to predict the acoustic behavior of an isotropic
styrofoam core composite panel and the results were compared
with the predictions of the wave-bearing model of Chapter 2.
The differences in the results were relatively insignificant.
The properties of a composite panel with an orthotropic
core were shown to depend on the azithumal angle c. The
transmission loss was evaluated including the averaging
over c for a composite panel with a cellular honeycomb core
and plywood face sheets. For the materials considered the
symmetric mode resonance occurs at high frequency. The
antisymmetric mode displayed coincidence effects for
frequencies greater than 250 Hz. The coincidence effects
occurred as a result of the relatively large values of the
shear stiffness of the honeycomb material in the x1 - x3
and x2 - X 3 planes. The predicted TL was limited by the
coincidence effects of the antisymmetric mode. The TL
- 95 -
was less than field incidence mass law by ~-14 dB for
frequencies from 200 Hz to 8000 Hz. The behavior above
coincidence was shown to be different from that of a single
layer panel in that the TL increased with frequency at a
rate less than for the single layer panel.
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CHAPTER 4
EXPERIMENTAL PROCEDURES
4.1 Introduction and Description of the TL Facility
Transmission loss measurements were performed in the
sound transmission facility at M.I.T. The facility consists
of two adjacent reverberation rooms each with a volume of
approximately 10Om3 and a surface area of 140m2 . The test
opening in the wall between the rooms, as originally con-
structed, was 9 ft. by 14 ft. The remaining wall area be-
tween the rooms was a double walled 10" thick brick construc-
tion, isolated from the floor and ceiling by cork. The
common floor and ceiling between the two rooms was of 8 inch
thick concrete. The walls were made of 8 inch thick hollow
concrete blocks. The double doors to the rooms were made
of 1-1/2 inch thick pine covered with sheet steel. The door
openings measured 7'9" wide by 8 ft.high. In the back of
each room there was an additional set of sheet metal covered
pine doors measuring 2.5 ft. by 7 ft. The doors for both
rooms opened onto common hallways, both front and back.
The test opening was modified to accommodate 4 ft. by
8 ft. test panels. The original opening was reduced with a
four layer 1/2" thick gypsum board construction. The inner
two layers were separated with 2" by 4" studs and the outer
layers oeparated from the inner layers with 1" thick spacers.
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The spaces in between the layers were partially filled with
fiberglass. The frame around the test opening was 10" deep.
4.2 Transmission Loss Measurements
One of the reverberation rooms was used as the sending
room, the other as the receiving room for acoustic energy.
A speaker located in a corner of the sending room was used
to excite the acoustic pressure field in that room. Sound
was transmitted through the test panel to the receiving
room. Spatial averages of mean square pressures in the
sending ard receiving rooms were used to compute the trans-
mission loss according to:
S
TL = NR + 10 logl -R (4.1)
The noise reduction NR is defined as:
NR = 10 log1 0 ( <P2 > p2>10( sr x,t rr x,t /
where <P2 >- and <P2 >- are the space average mean
sr x,t rr x,t
square pressures in the sending and receiving rooms,
respectively. R is the room constant for the receiving
room and Sw the area of the test opening between the rooms.
R4 is determined from the room volume Vr, the total wall
surface area ST, and the reverberation times Tr, all for
the receiving room:
ST
1-T
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where
60V
(4.3)
1.086 C S T
is the average absorption coefficient for the absorbing
surfaces of the receiving room [1]. The transminsion loss
computed in this way is equivalent to the TL defined by:
TL =10 log 1 0
T
where (4.4)
Transmitted Acoustic Power
7 
.Incident Acoustic lower
This is true when the pressure fields in the reverberation
rooms are diffuse.
The diffuseness of a sound field in a reverberation
room is dependent upon the number of acoustic modes resonantly
excited. For the 100m 3 reverberation rooms with 1/3 octave
bands of excitation there are approximately seven resonant
modes in the 1/3 octave band with a center frequency of
100 Hz. As the 1/3 octave band center frequency is increased
the number of modes increases proportional to P so thatC
there are many thousands of modes when f c = 1000 Hz. In
practice the number of modes generally required for the
sound field to be sufficiently diffuse is 20. The 100 Hz
and 125 Hz 1/3 octave bands do not satisfy this criterion
and measurements in these bands should be treated with
suspicion.%
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The procedures for measuring transmission loss using
the sound transmission facility at M.I.T. were established
by A. Rinsky in his doctoral thesis [12]. Figure 4.1 shows
a schematic of the instrumentation chain used in measuring
pressure levels in the sending and receiving rooms, for
1/3 octave bands of excitation. Five microphone locations
in each room were used for measuring the space average mean
square pressures yielding 95% confidence limits for TL
measurements that were 2.5 dB for the lowest 1/3 octave
bands, and less than 1 dB above 500 Hz [12]. The confidence
limits depend on the absorption in the rooms and the rooms
for These experiments were in approximately the same con-
figurations as when they were tested by Rinsky. In order
to insure the statistical independence of the measurements
at the five microphone locations, the positions were spatial-
ly separated from each other and the nearest wall surfaces
by -1/2 the wave length of sound at the lowest frequency of
interest, (a frequency of 100 Hz, a wavelength of 5 ft. or
1.7m). To avoid measurements in the direct field of the
speaker the microphone locations were restricted to being
-5 ft. (1.7m) or more from the speaker. The relative
humidity in the receiving room was controlled to be
approximately 65% during the measurement of pressure levels.
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4.2.1 Flanking transmission
Ideally, sound energy ought to transmit to the re-
ceiving room only through the test panel. In practice,
energy is also transmitted to the receiving room via other
flanking transmission paths, the floor, ceiling, the wall
structure of the adjoining wall, doors and common hallways,
etc. For accurate transmission loss measurements the energy
in the receiving room that is transmitted through the test
panel should be a factor of 10 greater than the energy from
the flanking transmission paths. Flanking transmission
limits use of the facility to panels which transmit suf-
ficient energy in comparison with the energy from flanking
paths.
To determine the flanking transmission a very high TL
panel was placed in the test opening and the TL evaluated.
This provides a lower bound on the flanking transmission
TL, in that the acoustic energy in the receiving room may
actually have come through the high TL panel and not via
flanking transmission paths. The high TL panel for this
experiment consisted of a five layer 3/4" thick gypsum board
composite with fiberglass in the 1" thick spaces between
adjacent gypsum board sheets. Each sheet of gypsum board
was sealed around its edges with plasticene modelling clay
to prevent the leakage of sound around the edges. This
procedure was followed in sealing all the panels subsequently
- 101 -
tested. The resulting lower bound of flanking TL is shown
in Figure 4.2. TL values for test panels which exceed or
are within 10 dB of the results of Figure 4.2, are possibly
contaminated by sound energy from flanking transmission
paths. The flanking transmission experiments were per-
formed by G. Chisholm as part of an undergraduate thesis
project at M.I.T.
4.2.2 TL for 1/4" and 1/2" thick plywood sheets
To determine if the 10" depth of the frame of the test
opening would affect the measurements of TL, single leaf
sheets of plywood (1/4" and 1/2" thick) were tested for
locations 1" and 4" from the receiving room edge of the
test opening. The results are shown in Figures 4.3 and
agree with predictions by Beranek [1]. At very low frequen-
cies finite panel size effects result in deviations from
the low frequency mass law transmission loss behavior. In
the coincidence region the TL exhibits a plateau behavior
that extends over a frequency range consistent with the
stated range for plywood, from Beranek [1]. The plateau
levels are approximately 3-5 dB greater than stated levels
for plywood, perhaps as a result of additional damping
provided by the modelling clay seals at the edges of the
panels. At high frequencies,above the coincidence plateau
regionthe increase in TL is consistent with expectations.
The results for the two locations in the frame agree
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indicating that the 10" depth of the frame did not affect
the measurements on the ~3-1/2" thick composite panels which
are part of the experimental program of this thesis.
4.3 Radiation Efficiency Measurements
Sound is transmitted to the receiving room, neglecting
flanking transmission, as a result of the induced motion of
the test panel. The radiation efficiency arad' by which the
motion of the test panel radiates sound is defined as
follows [1]:
rad rad .(4.5)
rad P c <V 2>_
0 0 x~t
I is the radiated acoustic intensity, and <v2 >- is the
rad x,t
space average of mean square velocities on the panel. The
intensity Irad is written in terms of the total radiated
power Wrad, radiated from a finite panel of area SW as:
rad' w
S = Wrad (4.6)
rad S
w
The radiation efficiency compares the average intensity
radiated from a vibrating test panel to the intensity
radiated by an infinite rigid piston moving with the same
mean square velocity as the test panel.
For an infinite panel with a plane travelling wave
i(kIx 
-tot)
velocity v 1 th aitditniyi eowe
, the radiated intensity is zero whenvelocity v 0e
the phase speed of the wave motions c = /k ,is less than
c . The radiation efficiency is also zero. The pressure
disturbances in the acoustic medium are confined to the
region near the panel; there is no radiation of acoustic
energy away from the panel. However, for phase speeds great-
er than c a pressure disturbance, in the form of an acoustic
plane wave, is radiated away from the panel. The intensity
of the wave is:
2P c v2
I0 = . (4.7)
rad 2cosO
o is the angle with respect to direction perpendicular to
the panel at which the acoustic plane wave is radiated.
k c
o is defined by sinG = - = &where k - . The spacek c o c
o ph0 o
average of mean square velocities is v2 /2 and the radiation
0
efficiency becomes:
a = 1 (4.8)
rad cose
When cph corresponds to the phase speed of bending waves, as
frequency increases, cph increases proportional to /i , 6
approaches zero, and the radiation efficiency approaches 1.
For a finite panel and for resonant modes below coinci-
dencc: the radiation efficiency is non-zero as radiation of
sound occurs from regions near the edges of the panel. The
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theoretical radiation efficiency varies with frequency as
described in Figure 4.4 [1], for a typical panel in bending.
Above coincidence the result is consistent with the infinite
panel result, Eq. (4.8).
Experimentally determined radiation efficiencies involve
measurements of <v2>- and W . <V 2 >- is determined
x,t rad x,t
from a space average of mean square accelerations on the
panel. For purposes of statistical accuracy accelerations
were averaged for, at least, five different accelerometer
locations on the panel. Velocity averages in 1/3 octave
bands are determined from the acceleration averages by
dividing by Wu where w is the center radian frequency ofc c
the 1/3 octave band.
<V 2 >- - <a2>- /W 2  (4.9)
x,t x,t c
where <ax2 >- is the space average of mean square accelera-
x, t
tions. For composite panels with two face sheets, accelera-
tions for the purpose of computing Grad were measured on the
face sheet facing the receiving room. The instrumentation
chain used in the measurement of accelerations is shown in
Figure 4.1
The radiated power Wrad, in 1/3' octave bands is de-
termined from the space average of mean square pressures
in the receiving room as [i]:
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<p2 _
W = xgt (4.10)
rad p c R
In the course of measuring acceleration levels on the
composite panels with 1/4" thick fir plywood face sheets,
a problem developed involving a local resonance of the mass
of the two gm accelerometer against a local stiffness of
the plywood. The local stiffness of the plywood was ap-
parently related to the poor quality of the outer ply of
the plywood face sheet to which the 2 gm accelerometer was
epoxied. The plywood was an interior-exterior variety where
the quality of the outer ply differed substantially. In an
attempt to increase the local stiffness by increasing the
contact area, an 18 gm, 1" square by 3/8" thick steel block
was epoxied to the plywood. The accelerometer was then
epoxied to the steel block and the acceleration levels
measured. Unfortunately, for the accelerometer on steel
block configuration, the total mass was sufficient to affect
the acceleration measurements at high frequencies. This
problem also existed for the 2 gm accelerometer mounted
directly on the plywood. Late in the thesis effort an
accelerometer weighing only .1 gm (Wilcoxon model 91) was
obtained. Comparative measurements of acceleration levels
on the previously tested composite panels were made, it
being assumed that the small size of the .1 gm accelero-
meter would not cause resonance or mass loading problems.
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The relative acceleration levels from these experiments are
shown in Figures 4.5. The difference in the sensitivities
of the .1 gm and 2 gm accelerometers has been taken into
account. For low frequencies the two accelerometers measured
nominally the same levels. The 2 gm accelerometer on steel
block configuration also yielded the same results as the
.1 gm and the 2 gm accelerometers at low frequencies. At
higher frequencies both mounting configuration3 on the poor
quality outer ply exhibited resonance effects. The measured
acceleration levels exceeded the actual levels as a result
of the resonance of the mass of the accelerometer mounting
system against the local stiffness of the poor quality ply
of the plywood. The actual levels were assumed to be
measured by the .1 gm accelerometer. Above the resonance
the m&asured levels were less than the actual levels due
to the mass of the accelerometer mounting systems. For
the plywood with the higher quality ply facing outward,
resonance effects were not seen. Instead, at high frequen-
cies, the measured acceleration levels were less than the
actual levels as a result of the added mass of the accelero-
meter mounting system. Acceleration data taken in computing
radiation efficiencies was corrected according to Figures
4.5 to account for resonance and added mass effects.
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4.4 Internal Damping and Reverberation Time Measurements
The procedure followed in measuring reverberation times,
Tr, for the receiving room was a standard one. The instru-
mentation chain for the measurements is shown in Figure 4.6.
Measurements were taken five different times for a 1/3 octave
band and at a given microphone location, and averaged to
determine Tr. Taie relative humidity was controlled to be 65%
during the measurements.
Measurements of the internal damping in the composite
panels involved measuring significantly shorter reverbera-
tion times than for the decay of acoustic energy in the
receiving room. The instrumentation chain differed as is
shown in Figure 4.6. The panel, in place in the test
opening with its edges sealed with modelling clay, was
excited by a shaker with one third octave bands of noise.
The reverberation time was measured based on the initial
rate of energy decay. The initial decay was limited as
a result of the reverberant acoustic fields in the sending
and receiving rooms that were excited by the shaker in-
duced motion of the panel. Energy in the rooms decayed
at a much slower rate than energy in the panel and the
panel energy would decay rapidly to a level determined by
the pressure levels in the reverberant rooms, and then
decay at a rate determined by
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the decay of the pressure levels in the reverberation rooms.
In an attempt to reduce the reverberant pressure levels
the doors were left open for these measurements and fiber-
glass was added to the rooms.
Care, was taken to insure that the response times of
the equipment used in the measurements did not affect the
results. The loss factor, n, for the composite panels were
determined from the reverberation times according to:
2.2fT2 (4.11)S=f T
c r
where fc is the center frequency of the 1/3 octave band.
For the composite panels the measured loss factor n
involves energy dissipated internally as well as energy
dissipated in the radiation of acoustic energy away from
both face sheets:
T1= nmech + 2prad (4.12)
Umech is the loss factor for energy dissipated internally
and nrad the loss factor for energy dissipated through
acoustic radiation to one side of the panel. trad may
be determined from the radiation efficiency of the compcsite
panel [1]:
P0 c0 C a
-1p ccY= (4.13)
rad
a c
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pS is the total surface mass density for the composite
panel.
4.5 Phase Speed Measurements
Beam sections were fabricated for the composite panel
constructions tested in this thesis. The sections measured
8 ft long by 4" wide by 3-1/2" thick. The beam sections
were excited into resonances with free-free boundary
conditions. The mode shapes at resonance and the resonance
frequencies were determined where the resonances were
distinguishable. A schematic of the experimental set-up
is shown in Figure 4.7.
For a free-free beam section deforming in bending,
the resonant mode shapes are complicated expressions in-
volving sin, cos, sinh, and cosh terms. The distances be-
tween node points varies across the length of the beam.
From the mode number n, which specifies the number of node
points, the wavenumber kn is determined [13]. From the
resonance frequency W and wavenumber k the phase speed
n n
c = w /k , is determined. By repeating the process for
ph n n
various resonances a plot of cph versus frequency is obtained.
The analytically predicted phase speeds for the antisym-
metric mode (see Figures 2.7 and 3.4) indicate that the
composite panel deforms in bending in the limit of low
frequencies and high frequencies. For frequencies in be-
tween, shear deformations in the core are important and the
phase speed becomes nearly constant with frequency. A free-
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free beam section deforming in shear would display different
resonant mode shape characteristics fror. those for a beam
section deforming in bending. The mode shapes will involve
only sine or cosine terms. For a given mode number n the wave-
number k will differ from the value determined for a beam
n
section in bending. Hence, the phase speeds will differ
for a resonance at frequency W , depending on whether 4t is
characterized by bending deformations or shear deformations.
Motion in the composite panel involves both kinds of deforma-
tions and the actual phase speed lies between the results
based on bending deformations and those based on shear de-
formations alone (see Figures 5.3 and 5.9). A decision as
to the nature of the deformation was not possible- based on
a detailed description of the location of the node points.
The symmetric mode phase speeds were not measurable as
symmetric mode resonances first occurred for frequencies
well above the point where the resonances became indis-
tinguishable.
4.6 Elastic Stiffness Measurements and Results
The elastic stiffnesses of the various core materials
were determined experimentally. The procedure used was to
measure the resonance frequencies of a thin layer of the
core material sandwiched between two rigid massive plates
(see Figure 4.8). The resonance frequencies were expressible
in terms of the masses of the identical plates, the core
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thickness and the elastic stiffness of the core. The shear
stiffness was determined from the resonance of the sand-
wich involving lateral, in-plane motions of the rigid plates.
The stored potential energy in the layer is the result of
shear deformation. The stiffness in compression was de-
termined frcm the resonance of the sandwich involving motions
of the plates normal to the plane of the plates. The thick-
ness of the layer of core material was kept small with
respe-ct to a typical dimension of the contact area between
the plates and the core material layer. The plates were
either 6" square or 6" in diameter and the layer typically
1" thick.
For normal motion resonances the expression for the
resonance frequency was:
E A2
W2 = 11(4.14)
m L
where m1 is the mass of one of the plates. A is the contact
area between the plates and the core layer, and L is the
thickness of the core layer. E1 1 is the stiffness in compres-
sion, which for an isotropic material equals A + 2p. In
deriving Eq. (4.14) the displacements in the core layer
were assumed to be linearly dependent on x and independent
of x and x2; thus neglecting edge effects.
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For shear resonances the expression for the resonance
frequency, where the plates were cylindrical discs, was:
G li + L- A 2
\2_ dAt2 , A= Td(4.15)
m L 5 +2P4
1 (8 3d2
where d is the diameter of the cylindrical discs and t is
the thickness of the plates. The core layer was considered
to be in a state of pure shear. The core displacements u,
v, w in the xi, x2, x 3 directions,respectively,were assumed
to be
u= Dx
1 3
v= 0 (4.16)
L
w = D xd 1 1
This implies that the displacements u, w of the plates at
d L
the edges, xd = x = + were equal. This was1 2' 3 -f
determined to be the case from experimental measurements.
The potential energy for the core layer was evaluated in
terms of D1 and the shear modulus for the core, G . TheI c
kinetic energy for the plates was determined from the
displacements in terms of D The expressions for the
potential and kinetic energies were inserted into Lagrange's
equation to yield the equation of motion for a single degree
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of freedom oscillator with the resonance frequency given
by Eq. (4.15).
For square plates the following expression for the
shear resonance frequency was derived:
3G 1 + h2
W 2 C\ h) 4.7)
t 22m L l +P
where the plate dimensions are h by h by t thick.
The results of the above experiments for the isotropic
styrofoam core material were:
Xc + 2pc = 1.26 X 107 N/M 2
(4.18)
Gc = 4.0 X 106 N/M2
from which Poisson's ratio is determined; VC = .27. The
styrofoam material was a common packing material with a
density of 16 kg/m 3 . For the honeycomb core material where
the principle axes are defined according to Figure 3.3;
values for the stiffnesses are:
E 3.7 x 107 N/m 2  E4 4 = 7.8 X 107 N/m 2
E = 4.0 x 106 N/M 2  E = 3.6 x 10' N/M 2
22 55
E = Assumed to be E = 2.0 x 10' N/M 2
11 66
equal to E
(4.19)
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It was not possible to experimentally determine the stiff-
nesses E 2 E2 3 , and E *.Values for these were assumed
to be .1 X E . Their effect on analytically predicted
22
results was found to be small and so this assumption was
not critical. The honeycomb material is a resin impregnated
and cured paper board material. Its stiffnesses depend upon
the base paper board, the percent of resin content, by
weight, and the size of the hexagonal cells to which the
honeycomb is expanded before curing. The material used
was manufactured by Union Camp Corp. and was designated as a
99-11-3/4 honeycomb. The 99 refers to the base paper board
weight, 11 is the percent of total weight that is resin and
3/4 is the cell size in inches. The density of the material
was approximately 28 kg/M 3.
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CHAPTER 5
EXPERIMENTAL RESULTS
5.1 The Styrofoam Core-Plywood Face Sheet Composite Panel
A composite panel with 1/4" fir plywood face sheets and
a 3" thick styrofoam core was fabricated and tested to
provide experimental results for comparison with the predic-
tions of Chapter 2. The styrofoam material was considered
to be homogeneous and isotropic. It had a cellular structure
where the cells were nearly spherical with a nominal diameter
of 3/32". The panel measured 4' by 8' in area. The face
sheets were glued to the styrofoam core using Elmers glue,
a common organic glue. During the gluing process, care was
taken to insure a uniform bonding over the area of the panel.
The panel was placed on a flat machine bed and approximately
uniformly loaded on top during the curing period.
5.1.1 TL results for the styrofoam core composite panel
TL measurements for the panel were performed according
to the procedures described in Chapter 4. The resulting TL
values in 1/3 octave bands are shown in Figure 5.1. Also
plotted is the field incidence mass law TL for the panel.
A comparison with Figure 4.2 for the flanking TL reveals
that flanking transmission is possibly a contaminating
factor for low frequencies, i.e., for 1/3 octave band
center frequencies less than 250 Hz and for high frequencies
greater than 2000 Hz. Since the flanking transmission loss
curve is a lower bound it is not meaningful to correct the
TL results for flanking transmission. The analytical
prediction from Chapter 2 is also plotted on Figure 5.1.
The analytical result has not been averaged in frequency.
The effect of averaging in frequency, in order to compare
with 1/3 octave band data, is to round off the sharp
coincidence dips found in the analytical results.
At low frequencies both the experimental and analytical
results approximate field incidence mass law TL. For the
lowest 1/3 octave band the experimental result deviates
from mass law as a result of an insufficient number of room
and panel modes. The insufficient number of room and panel
modes is the result of the finite sizes of the room and the
panel.
In the region from 800 - 1500 Hz, a coincidence dip
associated with the symmetric mode resonance is present in
the experimental and analytical results. The experimental
result is broad with frequency while the predicted coinci-
dence dip is much narrower. This is consistent with results
obtained for finite size single layer panels near coinci-
dence [1].
The symmetric mode phase speed, Figure 2.3.5, decreased
to values less than c0 for frequencies just above the coinci-
dence dip. The absence of coincidence effects in the
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analytical prediction causes the TL to increase rapidly as
the phase speed becomes less than c . The experimental
results exhibit this same behavior and the agreement between
theory and experiment is good.
At frequencies near and above 2500 Hz a major dif-
ference between theory and experiment develops. The experi-
mental results exceed the prediction by at least 10 - 15 dB
over most of the range from 3150 Hz to 8000 Hz, taking into
account that the predicted results are not averaged in
frequency. The analytically predicted coincidence dip is
associated with the increase in the phase speeds for both
the symmetric and antisymmetric modes to values greater
than c0. The presence of transmission coefficient peaks
associated with resonant excitation of both modes limits
the TL and causes the coincidence dip. Experimentally a
coincidence dip was not observed. The data at these frequen-
cies was possibly contaminated by flanking transmission but
this would imply that the actual TL was greater than the
measured values, not less.
An explanation for the difference does not exist at
present. A possible explanation may develop from the
following considerations. The symmetric and antisymmetric
modes in this region are principally controlled by the
behavior of the face sheets. This is seen from the plots
of phase speeds, which show that the results for both modes
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approach a hi.gh frequency limit determined by the properties
of the face sheetq (s.ee Figure 2.7 ). The phase speeds for
both modes are nearly equal. For an ideal finite panel a
symmetric mode resonance with the same mode shape as for
an antisymmetric mode resonance is resonant at a frequency
that is nearly equal to the resonance frequency of the anti-
symmetric mode. For each resonant symmetric mode in this
frequency region there is a resonant antisymmetric mode with
the same mode shape and approximately the same resonant
frequency. An ideal panel means that the boundary conditions
are ideal and that the material properties of the panel are
homogeneous. A coupling of the motions of the two resonant
modes will. occur as a result of the internal as well as
radiation damping. The symmetric and antisymmetric motions
have opposite phase characteristics for motion of the top
face sheet with respect to motion of the bottom face sheet.
To the extent that the phase of the responses of the sym-
metric and antisymmetric modes to a common excitation is the
same, motions at the bottom face sheet will cancel. The TL
associated with the common excitation will increase as the
degree of coupling increases. This behavior occurs for all
resonant modes in this frequency region. The modes occur
in pairs of symmetric and antisymmetric modes and are coinci-
dently excited by the incident sound field. For the infinite
panel prediction the same cancellation occurs, as is seen
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from the numerator of Eq. (2.15). To th.e extent that there
are a sufficient number of resonant modes of vibration at
these frequencies the analytical result for a composite
panel of infinite extent should agree with the experimental
result for a panel of finite size. The number of modes
resonant in a 1/3 octave band centered at 3150 Hz (~200),
based on the high frequency face sheet controlled phase
speed limit, exceeds the generally required number (~20) by
a substantial amount. The effects of any inhomogeneities in
the materials used or the gluing have not been accounted for
in the predictions.
5.1.2 Radiation efficiency results
Figure 5.2 shows experimentally obtained radiation ef-
ficiencies for the 3" thick styrofoam core panel. The re-
sults have been corrected to account for accelerometer
mounting problems, (Section 4.3). The radiation efficiency
increases with increasing frequency to a value of 0 dB near
1250 Hz. Resonant symmetric motions first occur in this
frequency region and with phase speeds that exceed c0 . Above
this frequency the radiation efficiency decreases to values
less than 0 dB which is associated with the decrease in the
symmetric mode phase speed to values less than c0. The anti-
symmetric mode phase speed is less than c0 until near 3150 Hz
when the phase speeds for both modes exceed c0. The radiation
efficiency again increases to values slightly greater than
0 dB.
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5.1.3 Phase speed results
Experimentally obtained phase speed results for the
antisymmetric mode are shown in Figure 5.3. The value for
the shear stiffness Gc used to analytically predict the
phase speed was chosen so that the analytical results agreed
with the experimentally obtained phase speeds. The value
for G was 3.1 X 106 N/M 2 . This value differs from theC
value obtained from the rigid plate styrofoam core sandwich
experiments of Section 4.6.1. The above value was used in
computations for TL because it was felt that is was a more
accurate measure of the behavior of the styrofoam when
fabricated in a composite panel with plywood face sheets.
Internal damping values for the 3" styrofoam core-
plywood face sheet composite panel were determined from
the half power or 3 dB down points of the resonances of
the beam section. The internal damping nC is approximately
.03 in the frequency range from 100 Hz to 800 Hz. As the
panel motion was principally controlled by shear deforma-
tion in the core, this value was assigned to the internal
damping for the styrofoam in the analytical computations
for TL. The value for internal damping for the plywood was
taken to be f = .02 [1].
p
5.1.4 1-1/2" thick styrofoam core composite panel
A second styrofoam core panel was fabricated and
tested. The thickness of the styrofoam core was reduced
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to 1-1/2". TL values for this panel are shown in Figure 5.4.
The analytical prediction for TL is also shown in Figure 5.4.
At low frequency both the analytical and experimental results
approach the field incidence mass law result. For the lowest
frequency bands the effects of an insufficient number of panel
modes or room modes are seen. The coincidence dip associated
with the symmetric mode has been shifted to the 1/3 octave
band centered at 2000 Hz. Decreasing the thickness of the
core by a factor of 2 increases the resonance frequency for
symmetric motion when k = 0, ph = by a factor of ~/F
according to Eq. (2.45). For the 3" thick styrofoam core
panel, this frequency was approximately 1450 Hz. The frequen-
cy for which c = c for the 1-1/2" for styrofoam core panel
would therefore be -2050 Hz. This is seen from Figure 5.5
which shows the analytically predicted phase speeds for the
1-1/2" styrofoam core panel. The symmetric mode firsc be-
comes resonant at 2050 Hz. This behavior differs from the
3" styrofoam core panel in that the result is not double
valued fo+ frequencies less than this resonance frequency.
At high frequencies above the symmetric mode resonance the
experimental TL does not appreciably show the effects of the
face sheet coincidence. Experimental TL values are greater
than predicted values by 6-8 dB.
Experimentally obtained radiation efficiencies are
shown in Figure 5.6. The results are consistent with the
analytically obtained phase speed results. The radiation
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efficiency increases to a peak value of 4 dB where the sym-
metric mode becomes resonant, above which the radiation
efficiency equals approximately 1 dB. The symmetric mode
phase speed does not dip below c0 as frequency is increased
and the radiation efficiency therefore does not dip below
0 dB.
5.2 Honeycomb Core-Plywood Face Sheet Composite Panel
A composite panel with 1/4" fir plywood face sheets
and a 3" thick honeycomb core was fabricated and tested.
The results are compared to the results of Chapter 3. The
honeycomb material used was a Union Camp Corp. honeycomb of
grade 99-11-3/4 (see Section 4.6). The fabrication process
was the same as that for the styrofoam core panels.
5.2.1 TL results for the honeycomb core composite panel
The results of the TL measurements are shown in Figure
5.7. A comparison with the flanking TL, Figure 4.2, shows
that flanking transmission may be contaminating the data for
the low frequency 1/3 octave bands below 250 Hz. The analyti-
cal prediction for TL is also shown on Figure 5.7 and agrees
quite well with the experimental result. The TL is less than
field incidence mass law TL as a result of the coincidence
of the antisymmetric mode, as explained in Section 3.6.1.
At low frequency an insufficient number of panel and room
modes affect the data. The low frequency experimental results
exceed the analytical prediction by approximately 7 dB.
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5.2.2 Radiation efficiency results
The experimentally obtained radiation efficiency is
plotted in Figure 5.8. The result increases to a 0 dB
level near 250 Hz. This corresponds to the region where
the analytically predicted antisymmetric mode phase speeds,,
for c = 90*,exceed c0 , Figure 3.5. For frequencies greater
than 250 Hz values for the radiation efficiency are in the
range from 1 to 3 dB except for the 6.3 kHz and 8 kHz 1/3
octave bands where the radiation efficiency decreases to
below 0 dB. This behavior is considered to be anomolous
probably resulting from accelerometer mounting problems.
5.2.3 Phase speed results
A beam section made with a honeycomb core and plywood
face sheets was tested. The beam was 3-1/2" thick by 4" wide
by 8 ft. long. The phase speeds were measured according to
the procedures of Section 4.5. The orientation of the
honeycomb with respect to the length of Lhe beam was such
that the results correspond to the 4 = 0 case. In ana-
lytically determining the phase speeds the value for shear
stiffness E was chosen so that the predictions would agree
with the experimentally obtained results, Figure 5.9. The
value for E obtained in this way was less than the value
55
obtained from the rigid plate-honeycomb core sandwich experi-
ments (Section 4.6). The value for E44 used in the TL
predictions was assumed to be in the same proportion to the
rigid plate sandwich experimental result as for E.5 . This
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assumption was not made for the softer shear stiffness E
66
in that the rigid plate sandwich experimental result agreed
with a published value from the manufacturer. Values for
the other stiffnesses were not available from the manufacturer.
5.2.4 Internal damping results
Loss factors for the honeycomb core-plywood face sheet
composite panel are plotted in Figure 5.10. The panel was
sealed around its edges with modelling clay for these experi-
ments. In computing the TL the internal mechanical damping
T hmech' for the core was assumed to lie between 
.05 and .03.
The two analytical TL results plotted on Figure 5.7 are for
c = 0.5 and .03. The result for high frequencies would
correspond to the "flc = .03" results, while for lower
frequencies the "1C = .05" result would apply. The internal
damping in the core was set equal to the mechanical damping
for the composite because the motion of the composite was
principally controlled by shear deformation in the core.
The internal damping for the plywood face sheets was taken
to be TP = .02 [1].
5.3 Summary
Four feet by eight feet composite panels with styrofoam
and honeycomb cores and plywood face sheets were fabricated
and tested. The TL results provided acceptable agreement
with theoretical results with a notable exception. For the
styrofoam panel for high frequencies where both symmetric
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and antisymmetric modes become coincident, the experimental
results significantly exceed the prediction. The predicted
coincidence effects, which are principally determined by
deformation in the face sheets for both modes, are not seen
experimentally. The experimental results exceed the predicted
levels by at least 10-15 dB for the 3" thick styrofoam core
panel and 6-8 dB for the 1-1/2" thick styrofoam core panel.
An explanation for this difference is not available and this
represents an area where further work should be performed.
The coincidence effects for the styrofoam core panels
associated with the symmetric mode at low frequencies are
found in both theory and experiment. The predicted result
is more sharply defined with frequency than the experimental
result.
Predictions for the honeycomb core composite panel agree
well with the experimental results. The TL is limited by
the coincidence of the antisymmetric mode over substantially
the entire frequency range of interest. For this composite
panel, the symmetric mode is resonantly excited at high
frequency. The coincidence effects associated with the
symmetric mode are relatively negligible.
For the panels with both types of core constructions
finite panel size effects (i.e., an insufficient number of
panel modes) and an insufficient number of room modes affected
the experimental TL results at low frequencies.
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The procedure for setting the values of internal damp-
ing in computing TL are, at best, approximate. The cffect
of damping is greatest in regions where coincidence exists.
Damping acts to reduce coincidence peaks in the transmission
coefficient, thereby increasing TL. The major discrepancy
that developed between theory and experiment at high frequen-
cy for the styrofoam panels is not explained by inaccuracies
in the value of internal damping used in the predictions.
The values that would be required for the results to agree
would be of the same order of magnitude as the discrepancy
itself. It is not likely that the damping was underestimated
by ~15 dB or even 6-8 dB.
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CHAPTER 6
NEW COMPOSITE PANEL DESIGN FOR HIGH TL
6.1 Introduction
The analytical and experimental results from the
previous chapters describe the acoustic behavior of two
common composite panel configurations. Both panels tested
have serious deficiencies in the principle speech bands
from 500 to 2000 Hz. The deficiencies, in the form of
low TL, were associated with two distinct coincidence
phenomena. For the styrofoam core composite panel, it
was the coincidence of the symmetric mode that was re-
sponsible for limiting the TL. For the honeycomb core
composite panel coincidence effects associated with the
antisymmetric mode limited the TL over a broad range of
frequencies.
Two approaches aimed at improving the TL for a
composite panel dealing with the antisymmetric mode have
been developed. The "Shear Wall" as developed by
B.G. Watters [2], is a composite panel in which the anti-
symmetri-c mode phase speed in the mid-frequency region is
kept below c0 by controlling the shear stiffness of the
core material. The coincidence effects are shifted to
higher frequencies and the TL in the mid-frequency region
is mass law controlled. The symmetric mode resonance
occurs at high frequency as the core material is stiff in
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compression in the axis perpendicular to the plane of the
panel. Applying this approach to improve the TL of the
honeycomb core panel would mean reducing the shear stiff-
ness of the honeycomb core material. Coincidence effects
would be shifted to higher frequencies where the high
frequency limit for the antisymmetric mode phase speed
would predict the onset of the coincidence effects. The
ability to shift the coincidence effects to higher fre-
quency and thus extend the mass law TL behavior of the
panel is restricted by the properties of the face sheets.
The other approach was the development of the "Coin-
cidence Wall" by Warnaka, Holmer and Manning [3,4,6]. The
behavior of a composite panel when the antisymmetric mode
is coincident is strongly dependent upon the amount of
internal damping. The greater the internal damping, the
greater the TL. This approach utilizes this fact plus
the fact that the TL above coincidence depends on the
phase speed of the antisymmetric mode, see Eq. (3.32).
The design procedure includes adding additional layers
to the core that are highly viscous and significantly
increase the internal damping of the composite, thus
increasing the TL. An important part of the design is
the optimization of the parameters of the various layers
so that the damping layer has a maximal effect. The re-
sulting designs tend to produce constructions that are
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expensive to fabricate, in that they involve additional
layers.
The approach to improving the TL of a composite panel
developed here will involve considerations of the effects
of both the antisymmetric and symmetric modes. The intent
is to reduce the stiffness of the core in compression so
that the symmetric mode resonance and associated coincidence
effects are moved to frequencies below the principle speech
bands. At the same time the shear stiffness of the core
will be kept large enough to maintain the static load-
bearing capacity of the composite. The shear stiffness
will be kept small enough though so that the antisymmetric
mode coincidence is shifted to high frequency, as with
the shear wall. For the principle speech bands the anti-
symmetric mode and symmetric mode phase speeds are less
than c0 and the TL, in fact, exceeds mass law for reasons
having to do with interactions between the modes.
6.2 A Suggested Design
The suggested design involves a modified honeycomb
core material and plywood face sheets. The honeycomb is
reoriented so that one of the two principle axes which is
soft in compression is aligned perpendicular to the plane
of the composite. This reduces the resonance frequency of
the symmetric mode. The antisymmetric mode phase speed in
the mid-frequency region strongly depends on the angle F,
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as shear deformations for two perpendicular in-plane
directions ( = 0*, 900) involve one of the larger shear
stiffnesses and the smallest shear stiffness. The orienta-
tion of the honeycomb with respect to the face sheets is
shown in Figure 6.1. The grade of the honeycomb material
used for the experiments in Chapter 5, was found to be too
stiff. Phase speeds for the reoriented honeycomb core-
plywood face sheet panel are shown in Figure 6.2. The
phase speeds were predicted according to the model described
in Chapter 3. For $ = 0 the mid-frequency value for the
antisymmetric mode phase speed exceeds c0 uaar 250 Hz. The
symmetric mode resonance occurs near 810 Hz. The coincidence
effects associated with both modes would seriously limit the
TL in the principle speech bands. The predicted TL is
shown in Figure 6.3 and is seen to be dominated by coinci-
dence effects over a broad range of frequencies.
To improve the behavior of a composite panel with this
configuration, the elastic stiffnesses of the honeycomb
are reduced. If the stiffnesses are reduced by a factor of
three, the phase speeds for the composite panel are given
in Figure 6.4. The density of the honeycomb material has
been reduced to 2 0 Kg/m frot 2 7 .7Kg/m3 . The antisymmetric
mode phase speed for (D = 0, the stiffer direction for shear
deformation, now first exceeds c0 near 2000 Hz and the sym-
metric mode resonance is lowered to near 470 Rz. In the
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frequency range from 500 to 2000 Hz coincidence effects for
either mode are not present. The TL for this hypothetical
honeycomb core composite panel is shown in Figure 6.5.
Near 470 Hz, a coincidence dip Lssociated with symmetric
mode occurs. Near 3000 Hz a coincidence dip also exists
that is broad in frequency and is the result of the coinci-
dence of both the symmetric and antisymmetric modes. In
the principle speech bands, the predicted TL is large and
exceeds mass law TL by as much as 8 to 9 dB.
The fact that the predicted TL exceeds mass law TL is
explained with reference to Eq. (2.15). In this region, the
phase speeds~for both modes for all angles # are less than
c . For all coincidence angles #, 0, the responses of both
modes are mass controlled. The imaginary or reactive
components of the impedances for both modes will have the
same negative sign. The real components, associated with
internal damping, have the same sign for all circumstances.
In Eq. (2.15), a cancellation of the impedance expressions
in the numerator occurs and T is reduced in comparison with
the mass law result. Physically, this means that both
modes respond with similar phase to the incident and re-
flected acoustic plane waves and the motions of the sym-
metric and antisymmetric modes add out of phase on the
bottom face sheet. The transmitted sound is reduced as
a result of this cancellation of motions at the bottom
face sheet.
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Figure 6.6 shows computed values for T(G). Also shown
is the mass law transmission coefficient. The result for
( = 90* shows that the transmission is less than mass law.
The results for D = 00 shows the presence of zeroes in T.
The zeroes occur when the impedances for both modes are
equal. These values for T were obtained for the case of
zero internal damping. The effect of damping is small in
this region as neither of the modes is being resonantly
or coincidently excited.
6.3 Static Load Bearing Capability of a Cormposite Panel
of Finite Area
The suggested design involves softening the core
material to achieve an improved acoustic behavior. The
strength of the composite panel for a static loading becomes
of serious concern. The response of the panel to a static
load applied to the surface of a face sheet is evaluated
from the model developed in Chapter 3. The terms corre-
sponding to kinetic energies are set equal to zero. The
generalized displacements and the applied force are no
longer functions of time.
For a composite panel with finite size in two di-
mensions, as shown in Figure 6.1, it is necessary to ex-
tend the dependence of assumed displacements of Chapter 3
to include a dependence on the added dimension. The dis-
placements are identical to thcie adopted by previous
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researchers [7,8,9]. The same separation into symmetric
and antisymmetric forms is performed. The displacements
become:
For the symmetric mode:
top face sheet:
w = a
o sym
sink x1sink ax
u0 = 0 cosk x sink ax -
o sym i1 22
v = Y sink 1x1 cosk aX ao sym 11 22
bottom face sheet:
w = -(a sink x1 sinkaxa
1 sym 1
u = 0 cosk x1sink ax -
v sym s i 1 2
v = y sink x cosk x -
S sym i a a
x 3 23
(x3-L)
x + -
core:
2a
w = sym x sink x sink x
a L 3 1 1 aa2
u = sy( sym
Trx
+ 1 cosL3 cosk x sink x
1 L1 1 a a
v = y + 2 cos L) sink x cosk x
a sym a 1 1 a a
9w
3x
aw
ax
(6.1)
1
ax
1
9w
@x
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For the antisymmetric mode:
top face sheet:
w = a sink x sink x
0 asym 1 1 2 2
/ 3w
u = cosk x sinkx - x -L -
asym 1 1 2 2 3 2) 3x1
v = y sink x coskx - x -
L w
0 asym 1 1 2 2 3 2 ax 2
bottom face sheet:
(6.2)
2a
w = asym x sink x sink x
L 3 1 1 2 2
/ ~ 3w
u =-3 cosk x sink x - x + - a
S asym 1 1 2 2 ( 3 2 3 x1
v = -Y sink x cosk x -x +L)
asym 1 1 2 2 3 2 Dx 2
core:
w = sink x sink x2 asym 1 1 2 2
2
u asm cosk x sink x
a L 3 1 1 2 2
2Y
v = asym x sink x cisk x
2 L 3 1 1 2 2
The wave numbers k and k are now restricted to having1 2
specified values corresponding to the mode shapes of the
finite panel.
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k = ,k = n = 1,2,... a m = 1,2...
1 L 2 L
2
(6.3)
The boundary conditions at the edges of the panel correspond
to simple supports for motions normal to the plane of the
composite and to a free boundary condition for extensional
motions. The applied force per unit area on the top face
sheet of the panel is expanded in a two dimensional Fourier
series of the form:
nirx mlrx
1 2
f(x1 ,x2 ) = Z A sin Li sin L2(6.4)i'2mn 1iL
The generalized force for each m,n combination for both the
symmetric and antisymmetric modes becomes:
Q =A x L x L L/4 (6.5)
r mn 1 2
The stored potential energy may be evaluated from the
assumed displacements according to the procedures of
Chapter 3. The integrals of the potential energy density
are now for a volume defined by the panel dimensions L1, L
and the appropriate thicknesses. The expressions for the
potential energy and the generalized force, wJtn Lagrange's
equation yields two matrix sets of equations for the
displacements csym. Osym' "vS 2, and aasym' asym'
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Yasym in terms of the amplitudes Amn of the applied static
loading. The 5 by 5 and 3 by 3 matrix equations are solved
for a and a for each amplitude A . The symmetric
sym asym mn
and antisymmetric mode normal displacements of the face
sheets are written as sums of the form:
0000nix mTx
W = E E a (n,m) sin sin L2
sym nm sym L 2
n m i2
and (6.6)
000nitx mlTx
1 -n 2
W =ZE a (n,m) sin _Ls2
asym nm asym L s 2
The displacement for each face sheet is determined from the
symmetric and antisymmetric displacements as:
displacement of top face sheet =
(14 +14)/
sym asym
(6.7)
displacement of bottom face sheet =
(W -14 )/2
asym sym
The displacements for the top and bottom face sheets
were evaluated for a uniform static load of 40 lbs/sq ft
on the top face sheet. The deflections at the center of a
4' by 8' panel with the softened and reoriented 99, 18, 3/4
honeycomb core and plywood face sheets are:
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Deflection of the center of the:
Top face sheet Bottom face sheet
4 = 00 .2 in .197 in
# = 450 .05 in .048 in
$ = 90* .037 in .035 in
(6.8)
The orientation given by the angle # indicates the orienta-
tion of the in-plane principle axes of the honeycomb core
with respect to the axes of the panel. The maximum deflec-
tion of the panel, the deflection at the center, is strongly
dependent on this orientation. The deflections of the top
and bottom face sheets are essentially equal indicating
that the deflections of the symmetric mode are significantly
less than those of the antisymmetric mode. From an evalua-
tion of the terms in the potential energy expression for
the antisymmetric mode,its stiffness was principally
dependent upon the shear stiffness in the core, in parti-
cular the larger of two shear stiffnesses.
The stiffness of a rectangular panel is principally
determined by the stiffer of the two in-plane directions.
By orienting the honeycomb so that the vertical plane with
the greater core shear stiffness is in the direction of the
shorter panel dimension the stiffest configuration is
achieved. This occurs for 4 = 90* as seen from Eqs. (6.8).
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The deflection obtained is ~.04 in for a total load on the
top face sheet of the 4' by 8' panel of 1280 lbs.
6.4 Experimental Results for a Suggested Design
In an attempt to achieve the predicted results of
Section 6.2 a composite panel was fabricated with 3/8"
plywobd face sheets and a honeycomb core. The honeycomb
was a Union Camp Corporation material with a 99-11-1 grade
specification. The resin content (11%) and the cell size
(1") constituted the softest grade of honeycomb available
from Union Camp Corporation. The 4' by 8' composite was
fabricated using twelve honeycomb strips each measuring
8' by 4" with a nominal thickness of 3-5/16". The strips
were glued to the plywood face sheets using Elmer's glue
with the orientation shown in Figure 6.7. Due to a non-
uniformity in thickness over the length of the honeycomb
strips as well as between strips, a substantial amount
(12 lbs.) of Elmer's glue was used to insure an adequate
bond between the strips and the face sheets.
The greater mass of the 3/8" thick plywood face sheets
in comparison with the 1/4" thick plywood sheets was needed
to insure that the symmetric mode coincidence dip occurred
at sufficiently low frequency and that the antisymmetric
mode phase speed for the stiff in shear, in-plane direction
did not exceed c0 until high frequency.
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6.4.1 TL and radiation efficiency results
TL values for the panel are shown in Figure 6.8. Also
plotted is the field incidence mass law TL for the panel.
A comparison with the fLanking TL reveals that flanking
transmission probably affects the data over the entire
frequency range. Radiation efficiencies were computed from
measurements of vibration levels on the face sheet facing
the receiving room, during the TL measurements. The re-
sults are shown in Figure 6.9. The computations for the
radiation efficiency are affected by flanking transmission
in the same way as the TL results. The vibration measure-
ments were made using a 2 gm B&K accelerometer, attached
directly to the plywood. An experiment was performed using
the .1 gm accelerometer to evaluate possible effects of
the mass of the 2 gm accelerometer. The 2 gm acceler-
ometer correctly measured the acceleration levels over
the frequency range of interest.
The original flanking transmission loss curve was
measured just after the time when the modifications to the
adjoining wall between the two reverberation rooms were
made. They preceeded the measurements of this section by
approximately two years. The probable degradation with
time, of the caulked seals in the modified section of the
adjoining wdll leads to an uncertainty as to the actual
flanking TL.
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To evaluate the effect of flanking transmission on
the TL results, an additional experiment was performed in
which the composite panel, located in the adjoining wall,
was excited, not by the pressure field in the sending
reverberation room, but by a shaker attached to the face
sheet facing the sending room. Vibration levels on the
receiving room face sheet and the pressure levels in the
receiving room were measured and the radiation efficiencies
computed according to the procedures of Section 4.3. The
radiation efficiencies evaluated in this way are also shown
on Figure 6.9. Flanking transmission does not affect the
measurement of pressure levels in the receiving room in
this experiment.
The variation of vibration levels over the surface
of the face sheet was substantial, with the highest levels
occurring near the point across from the drive point.
Vibration levels varied over a range up to 20 dB with no
appreciable dependence on frequency. To improve the
statistical accuracy of the vibration levels, 10 measure-
ment locations were used.
Assuming that the distribution of vibrational energy
in the modes of the panel resulting from the shaker excita-
tion is insignificantly different from the distribution
resulting from the acoustic excitation during the TL
measurements, the difference between the two sets of
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radiation efficiency results is due to flanking transmission
duriag the TL measurements. The TL results may then be
adjusted to account for flanking transmission according
to the differences in the radiation efficiencies. The
resulting TL values are shown in Figure 6.10 and represent
an optimistic estimate of the TL. The above adjustments
would indicate that the flanking transmission was greater
(flanking TL smaller) than that represented by Figure 4.2.
In the frequency range from 400 to 2000 Hz the TL
values from Figure 6.10 exceed the mass law prediction by
as much as 11 dB and by 7 to 8 dB on the average. At low
frequencies, insufficient panel and room modes affect the
data. The symmetric mode coincidence dip appears to occur
near 160 Rz from the uncorrected TL results. At high
frequencies the coincidence dip associated with the face
sheets occurs near 3150 Hz. The coincidence frequency for
1/4" plywood sheets occurs near 3120 Hz. As the coincidence
frequency is proportional to the reciprocal of the thickness
of the sheets, the coincidence frequency for 3/8" thick
plywood sheet should occur near 2080 Hz. The layer of
Elmer's glue would affect the behavior of the face sheets
in two ways. The additional weight (approximately 6 lbs.
per face sheet) would tend to increase the coincidence
frequency, while any additional stiffness that resulted
from the layer of glue would tend to decrease the coincidence
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frequency. Also, the properties of plywood vary from grade
to grade.
The radiation efficiency determined from the shaker
excitation experiment increases sharply near 200 Hz. The
rise is associated with the coincidence of the symmetric
mode in this region. The levels are roughly constant
averaging from -3 to -6 dB until 1600 Hz when the radiation
efficiency again increases. The increase continues, peaking
near 4000 Hz. Above 4000 Hz the radiation efficiency de-
creases. In the broad range of frequency from 1600 Hz to
8000 Hz the radiation efficiency exceeds 0 dB, achieving
a peak level of -11 dB at 4000 Hz. This behavior is
associated with tht coincidence of both the symmetric and
antisymmetric modes in this region.
6.4.2 Predicted TL for the panel
The stiffnesses of the 99-11-1 honeycomb material were
experimentally determined according to the experiments of
Section 4.6. The values for the stiffnesses where the
honeycomb has the orientation shown in Figure 6.7 are:
E = Assumed to be the same as E11 33
E22 = 2.37 X 108 N/iM2
E 3 = 1. X 106 N/M2
E = 4.6 X 107 N/rM 2
E55 = 1.65 x 105 N/M2
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E 66 2.4 X 10' N/m2
E = E = E = .Ix E
12 13 23 3 3
Pc = 20.8 Kg/m2
TL values were predicted from.the procedures of Chapter 3
using the above values. The results did not agree with
experimental results bccause the stiffness values used were
too large, Coincidence effects occuired for frequencies
not indicated by the experimental data. This discrepancy
in the values for the stiffnesses was seen in comparing
predicted and experimental results for the previous styro-
foam and honeycomb core panel configurations. Stiffness
values smaller than those predicted by the rigid plate sand-
wich experiments of Chapter 4 provided a better agreement
between theory and experiment. The TL predicted from the
smaller stiffnesses is also shown in Figure 6.10. The
agreement in the region from 315-1600 Hz is acceptable.
Below 315 Hz finite panel size affects are presumed to
affect the data. Above 1600 Hz the discrepancy that
occurred for the styrofoam core panels again occurs. The
predicted levels are substantially less than the experimental
levels. In addition, there is a discrepancy in the onset of
the coincidence associated with the face sheets. The added
mass of the glue was added to the mass of the face sheets
in the predictions. Possible stiffening effects associated
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with the glue and effects relating to the varying quality
of the plywood were not accounted for.
6.4.3 Evaluation of TL results
The experimental TL results for the styrofoam, 99- 18-
3/4 honeycomb and the 99-11-1 honeycomb panels may be
compared in terms of their STC ratings. The Sound Trans-
mission Class (STC) rating is based on the standard frequen-
cy curve, Figure 6.11, and involves the TL values in the
range from 125 Hz to 4000 Hz. The standard frequency curve
is overlayed on the experimental TL curve and moved upward
until the standard curve exceeds the experimental TL in
any one third octave band by not more than 8 dB. The sum
of the differences between standard and experimental curves
may not exceed 32 dB, including only differences where the
standard curve exceeds the experimental result. The standard
curve is repositioned downward until this restriction on the
sum is satisfied. The STC rating is read off the ordinate
according to the pointer, with the standard frequency curve
appropriately positioned.
The following ratings are obtained for the three panels
tested:
Mass Law
TL @
100 Hz
Mass per Unit
Area of Panel
lbm/ft 2
3" styrofoam core -
1/4" plywood face sheets
1-1/2" styrofoam core -
1/4" plywood face sheets
3" 99-18-3/4 honeycomb core
1/4" plywood face sheets
3-5/16" 99-11-1 honeycomb
core -
3/8" plywood face sheets
(corrected)
3-5/16" 99-11-1 honeycomb
core -
3/8" plywood face sheets
(uncorrected)
20 11.5 dB
19 11.5 dB
22.5 13.0 dB
41 15.0 dB
35 15.0 dB
The STC ratings for the styrofoam core panels are limited
by the coincidence dips and the 8 dB requirement. The
STC rating for the 99 18 3/4 honeycomb core panel is
limited by coincidence effects occurring over a broad
frequency range and the 32 dB requirement. The rating
for the 99-11-1 honeycomb core composite panel exceeds
the ratings for the other panels by about 18 to 22 dB, which
represents a substantial improvement over the other panels.
The difference in the weights of the panels represents at
most a 3 to 5 dB shift in the comparison.
6.5 Summary
A new design procedure for three layer composite panels
was suggested and an actual panel tested. The design
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STC
1.8
1.8
2.1
2.7
2.7
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procedure was based of shifting the symmetric mode
coincidence dip to low frequencies where it is of less
concern. Coincidence effects associated with the anti-
symmetric mode were delayed until high freuqencies by
controlling the shear stiffness of the core to keep the
antisymmetric mode phase speed less than c . At high
frequencies the properties of the face sheets determine
the onset of coincidence. In the frequency region between
the symmetric mode coincidence and the face sheet coinci-
dence both the symmetric and antisymmetric modes are mass
controlled. Neither is resonantly excited by an incident
acoustic plane wave as the phase speeds for both are less
than c . Because both modes respond with similar phase to
0
the acoustic excitation, a cancellation of motions at the
bottom face sheet occurs. As a result, the predicted TL
exceeds mass law. The TL for either mode alone would be
mass law controlled.
The load bearing capability of a panel of finite area
was evaluated and seen to depend on the shear stiffness of
the core material. Symmetric deflections resulting from
static loads on a panel simply supported on all edges,
were significantly less than antisymmetric deflections.
Computed deflections indicated the potential usefulness
of such a panel in situations where load bearing capability
is not of extreme concern.
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Experimental results for a modified honeycomb core
composite panel with 3/8" thick plywood face sheets indi-
cated that the computed behavior was achievable from a
relatively simple design configuration. The STC rating
(STC 41) exceeded the ratings of the other panels of
similar construction tested in the thesis by about 20.
It is recommended that as a result of flanking transmission
problems the TL for the 99-11 -l honeycomb core panel be
redetermined under more favorable circumstances as regards
flanking transmission.
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Figure 2.1. Geometry for the incident and radiated acoustic plane waves
and a composite panel of infinite extent.
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for the 3" thick honeycomb core panel.
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Figure 5.7. TL results for the 3" thick 99-18-3/4
honeycomb core composite panel.
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Figure 5.8. Radiation efficiency for the 99-18-3/4
honeycomb core panel.
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Figure 5.9. Phase speeds for the 99-18-3/4 honeycomb
core beam section.
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Figure 5.10. Loss factors for the 99-18-3/4
honeycomb core panel.
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Figure 6.1. Sketch of a reoriented 99-18-3/4 honeycomb
core composite panel.
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Figure 6.2. Phase speeds for a reoriented 99-18-3/4
honeycomb core composite panel.
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For parameters see Figure 3.4.
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Figure 6.3. TL for a reoriented 99-18-3/4 honeycomb
core composite panel.
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Figure 6.4. Phase speeds for a softened and reoriented
99-18-3/4 honeycomb core composite panel.
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Figure 6.5. TL for a softened and reoriented 99-18-3/4
honeycomb core composite panel.
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Figure 6.6a. Transmission coefficient for the softened
and reoriented 99-18-3/4 honeycomb core
composite panel, $=0*.
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Figure 6.6b. Transmission coefficient for a softened
and reoriented 99-18-3/4 honeycomb core
composite panel, -=90O.
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Figure 6.7. Photograph of the soft 99-11-1 honeycomb core -
3/8" thick plywood face sheets composite panel.
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Figure 6.8. TL results for the soft 99-11-1 honeycomb
core composite panel.
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Figure 6.9. Radiation efficiency from TL experiments
and shaker excitation experiments.
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Figure 6.10. TL corrected for flanking transmission
based on radiation efficiency results.
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